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Neural Network-based Robust Anti-sway Control of an Industrial Crane
Subjected to Hoisting Dynamics and Uncertain Hydrodynamic Forces
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Abstract: In this paper, a neural network-based robust anti-sway control is proposed for a crane system transporting
an underwater object. A dynamic model of the crane system is developed by incorporating hoisting dynamics, hy-
drodynamic forces, and external disturbances. Considering the various uncertain factors that interfere with accurate
payload positioning in water, neural networks are designed to compensate for unknown parameters and unmodeled
dynamics in the formulated problem. The neural network-based estimators are embedded in the anti-sway control
algorithm, which improves the control performance against uncertainties. A sliding mode control with an expo-
nential reaching law is developed to suppress the sway motions during underwater transportation. The asymptotic
stability of the sliding manifold is proved via Lyapunov analysis. The embedded estimator prevents the conservative
gain selection of the sliding mode control, thus reducing the chattering phenomena. Simulation results are provided
to verify the effectiveness and robustness of the proposed control method.

Keywords: Anti-sway control, crane control, neural network estimator, sliding mode control, underwater transfer-
ence.

1. INTRODUCTION relevant studies analyzing various industrial cranes, such

as gantry cranes, boom cranes, tower cranes, and container

Over the past several decades, industrial cranes have
been utilized to accomplish various jobs at a variety of
locations, including container terminals, warehouses, and
construction sites. Recently, beyond such demands con-
fined to land, the necessity to transport underwater objects
has emerged due to advanced engineering facilities such
as transporting fuel rods in nuclear power plants [1-3,13],
investigating underwater caves, transporting objects from
the seabed, etc. However, as the task environment be-
comes harsh, the control problem of efficient transporta-
tion inevitably becomes more challenging because of the
existence of more diverse and uncertain factors that in-
terfere with accurate payload positioning. Hence, to max-
imize the productivity of the crane system operating for
objects in water, a novel methodology is required to ef-
fectively suppress unexpected payload swing under unfa-
vorable effects such as hydrodynamic forces and unknown
flow disturbances.

For crane systems transporting a payload in air, several

cranes, have been conducted. In particular, the control
problem of crane systems has primarily focused on meth-
ods that effectively suppress unwanted payload swing dur-
ing transportation. To address this issue, several effective
control strategies have been developed for different struc-
tures and dynamics. These strategies can be categorized
into open-loop control methods [1-7] and closed-loop
control methods [8-26]. In particular, the well-developed
open-loop control methods are input shaping-based ap-
proaches [1-5], which achieve simultaneous positioning
control and swing elimination using linearized dynamics.
In addition, the method of anti-swing trajectory genera-
tion [6,7] is recommended to suppress cargo swinging. Al-
though these open-loop controllers are convenient to im-
plement in practical systems, most of them are sensitive to
parametric uncertainties. In contrast, feedback controllers
have been developed to enhance the robustness of the
control system while ensuring satisfactory performance in
swing elimination. Several types of modern control meth-
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ods, such as delayed feedback control [8], adaptive non-
linear control [9-12], boundary control [13, 14], sliding
mode control [15-23], and intelligent control [24-26] are
included in this category.

Although the aforementioned methods for crane sys-
tems are effective, their direct application to the control
problem of transporting underwater objects is inadvis-
able due to the complex sway motions, which are dis-
tinct from the dynamic behavior in air. When a crane sys-
tem undertakes object transportation in water, the viscous-
induced force (i.e., drag induced force) dampens the pay-
load swing by generating quadratic damping forces, and
the additional inertial resistance resulting from the accel-
erated fluid around the payload provides the added mass
(i.e., the extra bulk). Moreover, these hydrodynamic forces
primarily include significant uncertainties stemming from
the complex underwater environment, making the dy-
namic behavior more unpredictable. Therefore, to guar-
antee high productivity of the crane system, the complex
sway motions interacting with the hydrodynamic forces
should be carefully considered for controller development.
At present, only a few works on the control of crane sys-
tems under the influence of hydrodynamic forces have
been presented in the literature [2,3, 13]. Notably, the ex-
isting works discussed only the position and vibration con-
trol of crane systems under extremely relaxed conditions
by assuming that i) accurate information of the system pa-
rameters and hydrodynamic forces is available and ii) the
effects on the hoisting dynamics and external disturbances
are negligible. More specifically, in [2], Shah and Hong
developed a model of an overhead crane that is utilized to
transport a rigid rod in water, and the typical input shap-
ing controller was designed based on a linearized model.
Their results were then extended to the vibration control
problem of a flexible rod in [3]. A boundary control law
was recently proposed to suppress the vortex-induced vi-
brations of a flexible rod in [13].

Based on the abovementioned results for crane systems
transporting underwater objects, it is not difficult to find
that many important issues remain open and need to be
further investigated with robust control methods. There-
fore, in this paper, a neural network-based robust anti-
sway control strategy is proposed to address the control
problem of how to effectively suppress sway motions sub-
jected to hoisting dynamics and uncertain hydrodynamic
forces. The main contributions of this study are as follows.

1) A dynamic model of a crane system under hydrody-
namic forces is developed by incorporating hoisting dy-
namics. Unlike the existing model (which lacks hoisting
dynamics), the developed model can enhance the crane
system’s productivity owing to the simultaneous hoisting
operation during trolley traveling motion.

2) To the best of our knowledge, the proposed con-
trol method is the first to address the anti-sway control of
a crane under uncertain hydrodynamic forces and hoist-

ing dynamics. A neural network-based function estimator
is proposed in the control formulation, enabling the ef-
fective estimation of unknown parameters in the system,
such as hydrodynamic forces. Although the estimator does
not directly estimate each parameter, it can evaluate key
functions comprising unknown parameters and unmod-
eled dynamics. Accordingly, the conservative selection of
the control gain in the sliding mode control (SMC) can
be avoided, thus reducing the chattering phenomena in the
control input. Simulation results are also provided to val-
idate the effectiveness of the proposed scheme. Therein,
the robustness of the developed controller against the pa-
rameter uncertainties of the hydrodynamic forces and ex-
ternal disturbances by water flow is investigated.

The rest of this paper is arranged as follows: In the fol-
lowing section, crane dynamics incorporating the hoist-
ing dynamics and hydrodynamics are introduced, and the
control problem is formulated. Then, Section 3 presents
the controller design and provides the stability analysis.
In Section 4, the simulation results are presented to val-
idate the efficiency of the proposed method. Finally, the
conclusions are drawn in Section 5.

2. PROBLEM FORMULATION

A schematic illustration of a 2D crane transporting an
underwater object is shown in Fig. 1, where X,,-O,-Z, rep-
resents the inertial coordinate frame. The corresponding
system parameters are described in Table 1. Before deriv-
ing the equations of motion, it is assumed that i) the rope
is a massless rigid rod, ii) the payload swing exhibits pen-
dulum motion in water, and iii) the payload swing occurs
only in the X-Z plane, incorporating the one-directional
movement of the trolley. Based on the above assumptions,
a 3-degree-of-freedom (3-DOF) crane model is developed
as follows:

Fig. 1. Schematic illustration of an industrial crane trans-
porting an underwater object.
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Table 1. Parameters and variables.

Symbol Description
my, Ny, Trolley and payload masses
1 Mass moment of inertia of the payload
X Displacement of the trolley
l Hoist rope length
0 Sway angle of the payload
Fy Buoyancy force
Fas, Fa, My Viscous-induced forces and mgmer}t with
respect to the x-, [-, and 0-directions
Coefficients of additional inertial
My, My, I resistances with respect to the x-, /-, and
O-directions
Uy, U Control forces for the trolley and hoist
2.1. Hydrodynamic forces

Unlike a crane system transporting a payload in the air,
the considered crane system’s primary concern is the hy-
drodynamic effects exerted on the payload. In this study,
a hydrodynamic model based on the viscous-induced
force/moment and an additional inertial resistance (i.e.,
the added mass/mass moment of inertia) is adopted to ac-
count for the hydrodynamic interactions with the object.
For engineering purposes, the hydrodynamic model, in its
simplified form, is given as follows:

Xy My Vy %prprx ‘Vx‘ Cux

| = mavy | + (%vl [vi|+ gl cos 9) PwApiCal |

Lo 1.0 1PwApove |ve|ICqg
——

Additional ~ Drag force and drag-induced moment (Fy,Mq)
inertial

resistance
(F, M)

ey

where p,, denotes the density of water; m, m,, and I, are
the coefficients of the additional inertial resistance by wa-
ter; Cyx, Ca1, and Cyg are the drag coefficients; Apy, Api, and
App indicate the projected area of the payload correspond-
ing to the x-, [-, and O-directions, respectively; and v,, v;,
and vy are the velocities of the trolley, rope, and payload,
respectively, which are expressed as v, = X, v; = [, and
Vg = l 2] +1 9

2.2. Dynamic modeling

To obtain the equations of motion, the kinetic energy
(K) of the trolley and payload and the potential energy (V)
of the payload, respectively, are obtained as follows:

1 . o
K= [(my -+ mp)i2 + (my +my ) + myl* 6% +167]

+mpi(lcos 00 +IsinB),
V =— (mpg — pugVs)lcos b, @)

where my, is the equivalent mass of the hoist mechanism
and V; denotes the submerged volume of the payload. Note

that the buoyancy force Fg = pywgV; is included in the po-
tential energy (V) as a conservative force. Additionally,
the Rayleigh dissipative function is introduced to account
for the linear viscous damping in the system and is ex-
pressed as follows:

1 . .
D= 5(“*x2+“’12+“992)’ 3)

where L, W, and g are the linear viscous damping coef-
ficients. Then, we utilize Lagrange’s equation for the state
variables (i.e., the generalized coordinates) q = [x, [, 8]T
by considering the hydrodynamic forces in (1) as noncon-
servative generalized forces. After a series of calculations,
the equations of motion for the 3-DOF crane transporting
a payload subjected to hydrodynamic forces are derived.

(my+ my, + My )%+ my, sin 61 + myl cos 00 + 1%
+2mpcos 0i6 —myplsin @ 92+%prvax Vi Cax= 14y,
my sin Ox+(mp, +my, +mr|)l'+/¢tll'—(mpg—pwgvs)cos 6
_ mplé2 + (;vl [vi| + gl cos 9> PwApCal = u,
mpl cos 05+ (myl* +1+1,)0 + 1160 +2m, 116

. 1
+ (mpg - pwng)lsm 0+ EprpGVG ‘V9| [C49 =0.
“4)

Equation (4) can be rewritten in a compact matrix-vector
form as follows:

M(q)G+N(q,q) =u+A, Q)

where M(q) € R**3 denotes the inertia matrix, N(q,q) €
R3*! represents the composite vector comprising the
Coriolis-centripetal term, gravity, linear viscous damping,
and the hydrodynamic force, and u € R**! is the control
input vector. The variable A € R3*! represents the lumped
uncertainty vector with a bound given by ||A|| < Apx. The
detailed expressions of M(q), N(q,q), u, and A are pro-
vided as follows:

myp np mp3
M(q) = [ mp1 mpy 0
m3; 0 m33

u= [ux u 0]T7 A= [Ax A Ae]Ta

) N(qaq):[Nl N, N3]T7

where
myy =mg+mp+my, mp=mpsin0, mpiz=mplcosH,
My = mpSin0, my = mp -+ my +my,
mz; = mplcos 0, msz = mp12 +1+1,

Ni = U+ 2my cos 0i6 — mplsineé2

1
+ EPWAprx‘Vx‘Cdx;
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Na =yl — mylO* — (mpg — pwgVs) cos 0
1
+ (2\’1 |vi| + gl cos 9) PwApCa,
N3 = U6 +2myli0 + (myg — pwgVs)lsin O

1
+ EPWAPGVG [ve|ICyp-

Remark 1: Along with the linear damping force, the
drag force in a quadratic form is included in the dynamic
model. Furthermore, the total viscous force/moment com-
prising both the dynamic pressure and hydrostatic pres-
sure contribution is considered in hoisting dynamics to
account for the cavity-drag force by the air entrainment
behind the payload [27].

Remark 2: Considering that the fluid in the vicinity
of the submerged payload is suddenly accelerated by the
payload motions, the fluid accelerated by the object, as
well as the object itself, must be considered. Therefore,
the added mass and inertia are included along with the
viscous-induced force and moment, which represent the
additional inertia resistance resulting from the accelerated
fluid [28].

Remark 3: Unknown instability factors, such as ex-
ternal disturbances and unmodeled dynamics (i.e., the
lumped uncertainty vector in the dynamic model), are a
challenging issue to be compensated for in the controller
design. Moreover, the parameter uncertainty in hydrody-
namic forces (i.e., viscous-induced force and additional
inertia resistance) is another important issue, which fur-
ther complicates the control problem by increasing the
system’s complexities. Hence, a sliding mode-based ro-
bust anti-sway control method with the combination of
a neural network-based function estimator is developed,
which is a distinct aspect from the existing works [2,3,13],
in which the effects on the uncertain factors were not prop-
erly discussed.

3. MAIN RESULT

To facilitate the control law design, the dynamic equa-
tions in (5) can be rearranged in the form of actuated co-
ordinates q, = [x []T and unactuated coordinates g, = 6.

nmj3msj -1 mi3N3
. my———— mp —N; +
a = ms3 ms3
my myo —N,
nmj3ms -1 m13A9
my———— mp A — ——
ms3 ms3
my my) A
m my3ms -1
1H——— mp u
+ ms3 L‘x}
may ma) !
=N, +A, +Mau,,

mt oy
Gu = [ myy | Ny— —-
0 ms33
m3q T mz T
+ my | Ag+— | + m33] M.u,
ms33
— Ny + A, + Myu,. 6)

Considering that the control objective is to transport a pay-
load to the desired target position q¥ = [xq [4]T with zero
swing (i.e., ¢¢ = 0), the error dynamics are obtained as
follows:

€, = N, +A, +M,u,,
éy = Ny+ A, +Myu,. 7

In the above equations, it is noted that the control input
vector u, appears in both the actuated and unactuated dy-
namics due to the underactuated property of the crane sys-
tem. This implies that the cargo swing should be indirectly
controlled through the coupling effect with the actuated
dynamics. In this study, to stabilize the error states e € R?
with fewer control inputs u, € R?, the following sliding
manifold 6 = 01, 0]" is designed.

G:éa+aea+ﬁéu+yeu> (8)

where @ = diag(o, o), B = [B1, 0T, and y = [y;, 0]T
indicate positive gains. Then, the sliding dynamics are de-
rived as follows:

6 = [Na +aey + BNy + ] + [As +BA]
+ [Ma + BM, ] u,
=¥+ [Aa+BA] + [My+BM,] u,
=¥ +Q(1,0) + [My + My ] u,, )

where the unknown uncertainties Q(7,0) = [Q; Q,]T are
globally bounded (i.e., |Q(¢,0)| < §). Based on the slid-
ing dynamics, the sliding mode control with an exponen-
tial reaching law is designed as follows:

Uy =— [Ma +ﬁMu}71 [p(éa—|—aea+ﬁéu +y€u)
+%¥ + Ksgn(o)]. (10)

Here, p = diag(p;, p») and K = diag(k;, k,) indicate pos-
itive gains. If the parameter information in (9) is entirely
accurate, the sliding mode control law in (10) can achieve
effective control performance with low chattering and fast
convergence speed. However, it is not easy to obtain accu-
rate parameter information and dynamic models in most
practical cases, thus it requires the conservative switch-
ing control gain that causes chattering phenomena. For the
considered system, the uncertain hydrodynamic force in
(1) is primarily responsible for the inevitable increase in
the system uncertainties. Therefore, to resolve this issue,
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a neural network-based adaptive algorithm is designed in
this study.

According to the global approximation characteristics
[29, 30], neural networks can approximate any function.
Regarding the control framework in this study, the vec-
tor ¥ = [¥; W,|T € R%containing model information such
as uncertain hydrodynamic forces is approximated by ra-
dial basis function (RBF) networks with n-hidden layers.
Then, the neural networks are updated by the Lyapunov-
based online estimation algorithm. The mathematical ex-
pressions of the proposed scheme are as follows:

lPi = W;rh,(Z) + &,
W, = —Zhi(z)o;, fori=1,2, (11)

where W;, W; € R"*! denotes the weighting matrix and
the estimated weighting matrix, respectively, & denotes
the approximation error which has a significantly small
value, and X; = diag(Ay, ---, A,) € R™" represents the
positive adaptation gains. hy(z) = hy(z) = [hy, ha, ..., hy]
are the activation functions, where the Gaussian function
h; for the neural net j in the hidden layer is given as fol-
lows:

lz—cil*\ .
hj—exp<—2 . j=1,..n, (12)
207

where z = [e] e, ¢] ¢,]T € R® is the input vector in the
input layer, ¢; € RS denotes the design parameter for the
center point of the Gaussian function in the neural net-
work, and b; represents the width value of the Gaussian
function that can be properly determined in the design pro-
cess. After embedding (11) into (10), the adaptive neural
network-based sliding mode control law is finally derived
as follows:

== My + BV ' [p (&0 + ey + B+ yeu)
¥ 4 Ksgn(o)]. (13)

Here W = [¥, ¥,]" is obtained from
W, = WThy(z), fori=1,2. (14)

To illustrate the entire control system design process, a
block diagram is provided in Fig. 2.

Lemma 1 [20]: Suppose that the sliding manifold given
in (8) is asymptotically stable as time goes to infinity.
Then, the error dynamics are asymptotically stable in the
sliding mode as time goes to infinity, which implies that
the state errors e,, €,, e, and é, converge to zero.

Theorem 1: Consider the error dynamics (7), the slid-
ing manifold (8), and the sliding dynamics (9). Then, the
proposed control law (13) with the neural network-based
adaptive algorithm in (11) ensures that the sliding mani-
fold o is asymptotically stable as time goes to infinity.

Switching control part

F —[]ﬁ,+ﬂ]\7{u] 1ngn(‘s) |

q‘I e Sliding surface
-CD o =¢, +ae, +Pé, +7ve,

W,=-Zh@)o,, ¥, =W'h,(z)

NN-based adaptive g6ntrol part
[, B8, ] (e, pe, +Bé, +ve)+¥] [

I’

Crane
system

Fig. 2. Structure of control system.

Proof: Let us introduce a nonnegative Lyapunov func-
tion candidate in the following form:

1 1. N .
V= 5aTcr+ 5WITZ(IWI + EWZTZEIWL (15)

where W, = W, — W, and W, = W, — W,. The derivative
of the Lyapunov function candidate with respect to time
leads to

V =66+ WIS 'W, + WIE,'W,
=6" (Na+a1éa+ B Nu+Béu) + 6" (Au+BA))
+0" (M, +B,M,) u, +WIE W,
+ WIS W,
=6" {¥+ (Au+B1Ay) + (Ma + B My) u, }
+WIE W, + WIS W, (16)
Inserting control law (13) into (16) yields the following:
V=—06"po—o"(Ksgn(c)-Q(t,0))+ 0¥
+WIZ W, + WIE, 'W,, (17)
where
¥ — [‘i’l ‘PZ]T and
¥ =9, ¥, =W'h(z) — g, fori=1,2.
From (11) and (17), we have
V=-06'po—c'(Ksgn(6)-Q(t,6))+0,¥,+0,¥,
FWIET'W, + WIE)'W,
=—0'po—6'(Ksgn(6)-Q(t,6))— (016 +0:)
+ (alwm (2) +W1Tz;1v*v1)
+ (@Wghz(z) +W;ZEIW2)
=—06'po—o" (Ksgn(o)—Q(r,6)+¢), (18)
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where £ = [&; & T are sufficiently small values that can
be omitted for subsequent analysis (see [29]). Thus, K
can be designed such that, § < ||[Ksgn(o)]|, which im-
plies that V < 0. The above equations indicate that the
sliding manifold & and the weighting error matrix W are
apparently bounded. Additionally, V is uniformly continu-
ous in time. Therefore, it can be concluded that l11_>n°1°V =0

and limo = 0 by means of Barbalat’s lemma. Then, as
t—o0

long as the occurrence of the sliding mode is ensured, the
state error convergence is guaranteed by the application of
Lemma 1. ]

Remark 4: Regarding the control parameters, some
guidelines are provided to facilitate the tuning process
in practical applications. For successful neural network-
based function estimation, the center vector ¢;, which rep-
resents the central coordination of the Gaussian function
for neural net j is designed within the effective mapping of
the Gaussian membership function. This implies that the
scope of ¢; should be selected to be wider than the scope
of the input to the input layer. Likewise, the width value b;
should be determined such that the scope of the network
input z is sufficient to be covered by the wider Gaussian
function. Other parameters (p;, P2, ki, and k) are obtained
by trial and error, which is similar to the tuning process of
control gains in the traditional SMC.

4. NUMERICAL SIMULATION

In this section, simulation results are presented to verify
the effectiveness of the proposed control method. The dy-
namic model in (5) was simulated for two different cases:
i) the normal crane system, and ii) the uncertain crane sys-
tem. Regarding the uncertain crane system, parameter un-
certainties in the payload mass and hydrodynamic forces
were considered, and an external disturbance was intro-
duced to account for the unknown hydrodynamic interac-
tions with water.

The system parameters used in the simulation are as
follows: m, = 5 kg, m, = 0.73 kg, my = 0.5 kg, I =
6.86 x 107* kg-m?, g = 9.81 m/s?, p,, = 1000 kg/m>,
Vi =3x107* m?, u, = 0.003, i; = 0.0001, e = 0.03,
My =2,my =2,1; =53%x107*, Cgx = 0.7, Cyy = 0.0001,
and Cyg9 = 0.06. The parameters of the proposed controller
are selected as follows: a; = 0.3, o, = 0.4, B; = —0.01,
N = —4, p1 = 25, P2 = 25, k; = 0.02, and k, = 0.02. In
this study, an RBF network with 9 hidden layers was de-
signed to estimate the unknown functions, which is given
as follows:

-2 -15-1-050051152
-2 -15-1-050051152
o -2 —-15 -1 050051152
-2 —-15 -1 =050 051 1.5 2|’
-2 —-15 -1 -050051 152
|—2 —-15 -1 =05 0051 15 2]

o~

Trolley position [m]
o
©

0.4
0 . . .
0 5 10 15 20
Time [s]
07
T e L B e
£
%A)OA
5
[
0.2
I~
0 |
0 5 10 15 20
Time [s]

Proposed method
Uncontrolled case

Sway angle [rad]

10 15 20
Time [s]

Fig. 3. System responses under hydrodynamic forces.

T = diag(15,---,15) € R™,
b=[555555555]. (19)

Case 1: The first simulation was conducted to verify
the control performance of the proposed method by as-
suming the availability of accurate parameter information.
Throughout the simulations, the desired positions of the
trolley and rope length were set to 1.5 m and 0.6 m, re-
spectively.

The corresponding simulation results are shown in
Fig. 3. Regarding the controlled case, the trolley’s ex-
cellent tracking performance and the desired rope length
were achieved, and the payload swing was remarkably
eliminated at the goal position. On the other hand, the un-
controlled case (i.e., the trolley is driven by the trapezoidal
velocity profile based on maximum velocity) shows that a
complete swing elimination by viscous water damping is
more time-consuming than the controlled case. Therefore,
these simulation results demonstrate that efficient trans-
portation is guaranteed by the proposed method when the
payload is subjected to hydrodynamic forces that interfere
with the process of achieving accurate positioning.

Case 2: The second simulation of the proposed con-
trol law demonstrated the control performance in a more
practical case (i.e., when accurate parameter information
is not available). In this simulation, the payload mass was
changed from 0.73 kg to 1.2 kg, and the parameters of the
hydrodynamic forces were varied to investigate the effects
on the uncertain hydrodynamic forces: py = 0.001, w =
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Fig. 4. System responses under unknown parameters, hy-
drodynamic forces, and external disturbance.

0.001, up = 0.06, C4x = 0.3, Cqy = 0.001, and Cyz9 = 0.5.
Additionally, the external swing disturbance acting on the
payload was included to account for the effect of the sud-
den impact by water flow, which is expressed as follows:

—0.05N, iflls<tr<115s,
Ag(t) = ¢ 0.05N, if 15.5s<t <16, (20)
0, otherwise.

The control performance of the proposed method is com-
pared with a well-tuned input-shaping control scheme in
the literature. According to [2], the ZVD shaper for trans-
porting the underwater object can be designed as follows:

A 1 2K K?
] — | 14+2K+K* 1+2K+K? 1+2K+K?
][ e
~10.2654 0.4995 0.2351
o 0 0.9660 1.9319 |’

@y wy

2

where K and @, are calculated as e’”c\/@ and
w,+/ 1 — {2, respectively, using the natural frequency @,
and damping ratio {.

The simulation results of Case 2 are shown in Figs. 4-6.
Compared with the proposed method, Fig. 4 demonstrates
that the vibration suppression performance of the exist-
ing control method is degraded owing to its high sensitiv-
ity to parameter uncertainties and external disturbances.
However, regarding the proposed method, it can be found
that the parameter uncertainties in the payload mass and
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hydrodynamic forces do not significantly influence the
payload sway angle and the accuracy of the trolley po-
sitioning/payload hoisting. Although exact parameter val-
ues were not given as prior information, the proposed neu-
ral network-based adaptive algorithm could effectively es-
timate the unknown function as shown in Fig. 5. The re-
sult in the third subpart of Fig. 4 also reveals that the pro-
posed control scheme can suppress and damp out the pay-
load swings in an effective manner in the presence of an
accidental swing disturbance (i.e., external disturbance).
Finally, as shown in Fig. 6, only small amounts of the
chattering phenomena were observed in the control input
because the proposed method with the neural network-
based function estimator makes it possible to avoid a large
switching control gain in the design process. From these
results, it can be concluded that the proposed method al-
lows for robustness, which is essential for practical use.
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5.  CONCLUSION

This study proposes a neural network-based robust anti-
sway control method for the control problem of indus-
trial cranes transporting an underwater object. When the
payload is subjected to hydrodynamic forces, the control
model was developed by incorporating the hoisting dy-
namics into the payload dynamics. To address the un-
certainties in the system parameters and hydrodynamic
forces, a neural network-based estimator was successfully
designed to estimate the key functions in the control sys-
tem, which avoids the high control gains required to guar-
antee robustness. By applying the proposed sliding-mode
anti-sway control law, a cargo interacting with the un-
certain hydrodynamics can be transported to the desired
location, and the effect on the accidental swing distur-
bance can be effectively suppressed with small control in-
put chattering. The asymptotic stability was proven with
the Lyapunov method, without any linearization of the
complex nonlinear dynamics. The effectiveness and ro-
bustness of the proposed controller were demonstrated
through simulations. In future studies, the control prob-
lem in the three-dimensional space undertaking underwa-
ter transportation will be further analyzed with experimen-
tal verification.
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