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Abstract

The dynamics of a ship need to be considered in the development of a manipulator system that will be applied to the
ocean-based operation. This paper aims to investigate the effect of ocean depth variations on the ship motion as disturbances
to a ship-mounted two-DoF (Degrees of Freedom) manipulator joint torque using an inverse dynamics model. Realization is
conducted by deriving the mathematical model of a two-DoF manipulator system subject to six-DoF ship motion, which is
derived by using Lagrange-Euler method. It is then combined with numerical hydrodynamic simulation to obtain the ship
motions under ocean depth variations, such as shallow (50 m), intermediate (750 m), and deep (3,000 m) waters. Finding
results show that randomness of the ship motions appears on the manipulator joint torque. In the azimuth link, maximum
joint torque is found in shallow water depth with an increment of 8.271 N.m (285.69 %) from the undisturbed manipulator.
Meanwhile, the maximum joint torque of the elevation link is found in intermediate water depth with an increment of 53.321
N.m (6.63 %). However, the difference between depth variations is relatively small. This result can be used as a baseline for
sizing the electrical motor and developing the robust control system for the manipulator that is mounted on the ship by

considering all ocean depth conditions.

©2022 National Research and Innovation Agency. This is an open access article under the CC BY-NC-SA license

(https://creativecommons.org/licenses/by-nc-sa/4.0/).
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[. Introduction

It is widely known that robotic systems may be
easily found in many engineering applications.
Design and analysis of such a system has been
carried out in some areas, such as industrial
application [1][2], underwater [3], vehicle [4],
satellite antenna [5], and humanoid robot [6][7] with
their specified objectives. The essential task in
developing a robotic system is kinematics and
dynamics modeling. Kinematics modeling is
commonly carried out to determine the position and
orientation of manipulator links. Tavassolian et al
[8] had employed the forward kinematics model of a
parallel robot using a combined method based on
the neural network. Dewandhana et al/ [9] had
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similar work but with a different application, i.e., a
full-arm robot. Inverse kinematics had been
performed by Kusmenko and Schmidt [10] for
developing a 5-DoF (Degrees of Freedom) robot arm
and by Chen et al [11] for an underwater propeller
cleaning application. Amundsen et al/ [12] had
performed inverse kinematics for manipulator
control that was implemented on a non-fixed based.
Inverse dynamics model is commonly used to
obtain the dynamic characteristics of a manipulator
system. It was implemented by Polydoros et al. [13]
for torque control manipulator, Awatef and Mouna
[14] for motion control of the unicycle mobile robot,
and Crenna and Rossi [15] for measurement of
internal torques in the articulations of the human
body during a gesture. The calculation of inverse
dynamics using computational methods is currently
well-known for its efficient purpose. Farah and
Shaogang [16] had introduced an efficient approach
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for modeling robot dynamics. They used Matlab and
SimMechanics instead of an analytical approach, but
the study was limited to ground-based applications.
Meanwhile, Miiller [17] had compared classical and
computational methods.

Besides to fulfill its function, the development of
a robotic system must consider the behavior of its
base, in which the system will be operated.
Dynamics of the non-inertial base certainly affect
the positioning of manipulator arms which is the
main task of a robotic system. Wei et al [18] had
performed a dynamic analysis of a mobile
manipulator that operated on the 3-DoF floating
base. Similar work of non-inertial base manipulator
had been done by [19], which introduced the
modeling and control of a soft robotic arm on the
aerial vehicle.

To the best of the author’s knowledge, dynamic
analysis of a manipulator excited by ship motions is
relatively rare. Some literature that relates to this
topic may be found in [20][21][22], although they
mainly focused on the control system development.
Research by Qian and Fang in [23] is regarded as the
closest work where they had analyzed the regular
ocean waves effect to the dynamic analysis of a ship-
mounted crane system. Further, dynamics of
manipulator systems subject to irregular ocean
waves induced ship motions had been performed by
[24] under variations of sea states. Important finding
results show that the maximum joint torque of a
manipulator is proportional to the increment of
significant wave height and greatly affected by the
direction of ocean wave propagation. To date, there
has not yet been research working on the effect of
ocean depths on manipulator dynamics. Ahmed ef al
[25] presented that the water particle force on the
oceanic structure depends on the ocean depth.
Hence, this paper investigates the effect of ocean
depth variations on the manipulator joint torque
with contributions as follows:

* To develop a mathematical model of a ship-
mounted two-DoF manipulator considering the
ship dynamics.

» To characterize the ship motions as excitations

to the base of a manipulator system subject to
random ocean waves under variations of ocean
depth  using numerical hydrodynamic
simulation and propose its methodology.

« To perform a parametric study in terms of
variations of ocean depth to the manipulator
dynamics.

This paper is organized as follows: system
description and the underlying method, as well as
the governing equations, are described in Section II.
Results and discussions of derived governing
equations, numerical simulations, and manipulator
dynamic characteristics are presented in Section III.
Conclusion and recommendations are put in Section
Iv.

[I. Materials and Methods

The underlying manipulator construction is
illustrated in Figure 1, where it has two degrees of
freedom, namely azimuth and elevation links. The
former is designed to be able to fully rotate in the
horizontal plane with a maximum angle of 360°
C(C)W, while the elevation angle can rotate in the
vertical plane with a range angle at -20° ~ 60° C(C)W.
The end-effector is designed to aim and lock on the
target on the ocean water surface. A control system
must be applied to move the arms at certain angles
precisely when the base of the manipulator is
excited by random ocean waves induced ship
motions. This is in order to enable the end-effector
to stick to the target. Moreover, ship motions are
treated as a six-DoF rigid body, as visualized in
Figure 2 under non-propelled conditions.
Respectively in the X, Y, and Z axis, translational
motions are called Surge, Sway, and Heave, and
rotational motions are Roll, Pitch, and Yaw. To
calculate manipulator joint torque, the inverse
dynamics model is applied, and the process flow is
shown in Figure 3. The ship motions can be
measured with a motion sensor unit, which has
three accelerometers for detecting surge, sway, and
heave and three rotation rate sensors for measuring
roll, pitch, and yaw [26]. In this paper, a combination

Figure 1. Schematic of a manipulator system
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Figure 2. Visualization of ship motions

of analytical and numerical methods is proposed to
simulate ship motions and manipulator joint
trajectory from the sensor system. The former is
analytical simulations of joint trajectory and
manipulator dynamics, and the latter is a numerical
simulation of the ship motions using ANSYS Aqwa in
the variations of ocean depth. Here, equations of
motion of a ship-mounted manipulator system are
derived by using Lagrange-Euler method. Thus,
discussion with regard to control system design and
analysis, including sensor system, is out of this
paper’s range. To begin with, the main parameters of
the manipulator system and ship geometry are given
with certain conditions applied.

A. Forward kinematics

Kinematics of a ship-mounted manipulator
system as an early step in the dynamic analysis is
realized in the form of forward and inverse
kinematics. The former is defined from the base to
the end-effector using manipulator joint parameters
and coordinates, as noted in Figure 1. A
homogeneous transformation matrix of the system
is then built based on the widely adopted Denavit-
Hartenberg (DH) method [27] by multiplying each
homogeneous transformation matrix of the joint
from the base into the end-effector. Homogeneous

transformation matrix (T) consists of a rotational
matrix (R) and position matrix (P), which is defined
as equation (1),

ny sy ax Px

_ [Rnsa Pxyz] _|nv sy ar Py
r= [ 0 1 ] - ny sz Qaz PZ (1)
0 0 0 1

The terms, s and a denote normal, shear, and
approach vectors in the XYZ-axes. Using
manipulator frame coordinates in Figure 1, the total
homogeneous transformation matrix can be written
as equation (2),

H= Ts. TM' (2)

The term H is the total, Ts is the ship, and T, is
the manipulator homogeneous transformation
matrices, respectively. The homogeneous
transformation matrix of a ship can be expressed as
equation (3),

cpcp  cPspsp — spcep  cpcpsp + sPs¢p X

T, = scp sPpspsyP + cpcd  spspcp — cPsp Y (3)
—s@ cpsp cpco Zs
0 0 0 1

The term ¢ and s represent cos and sin; X, Y;, and
Z, are the translational ship motions, such as surge,
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Figure 3. Steps for simulating the inverse dynamics of a manipulator system
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sway, and heave, respectively; and ¢, ¢, and y are
the rotational ship motions, namely roll, pitch, and
yaw, respectively. The homogeneous transformation
matrix of manipulator system can be written as
equation (4) and equation (5),

2T = 3Tw - 3Tm (4)
coy, —s6,, 0 a;_q ]
ic1p _|C@iasly capqcly —sa;y —sa;_1d; (5)
ilm =
sa;_1s8;, O sa;_4 ca;_q —ca;_1d;
0 0 0 1

The term i-1T,, is the transformation matrix from the
i —1 frame to i frame, 0, is joint angle, «;_, is the
rotational link angles in X-axis, a and d are
respective link distances in the X- and Z-axes. Using
manipulator kinematic parameters of the link in
Table 1, equation (5) can be rewritten for each joint
as equation (6) and equation (7),

'cé),l_ —sQli 0 0
(]T — Seli Celi 0 0 6
e (6)
L 0 0 0 1
>C912 —5912 0 0
1im _| 0 0 -1 0
ZTM - 5912 Cglz 0 0 (7)
L 0 0 0 1

B. Inverse dynamics

An inverse dynamics model is used to define the
manipulator joint torque with predefined joint
trajectories. The torque can be expressed in several
terms, such as inertia, centrifugal, Coriolis, and
gravity as equation (8),

T=M(0)0 +V(0,6)+G(6) (8)

The term 7 is manipulator joint torque, M is the
mass matrix that contributes to the torque due to
inertia, V is the matrix of centrifugal and Coriolis
terms, and G is the matrix of gravity term [28]. Recall
the Euler’s equation, the torque value is defined as
equation (9),

d o a
il Tk (9)
L(0,0) =K(0,0) — P(0) (10)

The term L is the Lagrange operator, @ is position,
0 is velocity, and @ is acceleration of the joint.
Lagrange formulation is defined as the difference
between kinetic energy (K) and potential energy (P)
following equation (10). Substituting equation (10)
into equation (9), it can be written as equation (11),

_ d 9K; 0K; aP;
" datee de ' de (11)

Table 1.

Manipulator kinematic parameters

7 6 a a d
1 o, 0 0 0
2 o, 90° 0 0
3 0 0 0 r

Kinetic energy is obtained from translational and
rotational motions, while potential energy is due to
gravity effect as equation (12) and equation (13),

K, :lmichvC +liwiT o (12)
2 P2
P=mg"°P, (13)

The term m; is mass, v, is linear velocity at the
centre of gravity, w is angular velocity, I is the
moment of inertia of the link, g is gravity, and P. is
position  matrix from the homogeneous
transformation matrix. All variables in equations
(12)(13) are transformed into matrix form where the
mass and moment of inertia of each link follow the
manipulator design parameters. Linear and angular
velocities can be obtained from velocity propagation
as equation (14) and equation (15),
i+1, i+1p (i i i i il

Vig = iR( Vit @ x Pi+1)+di+1 Zia

I+

(14)

i+1 _iHpi 3 i+l5
w,="Ro+6,"7Z,

(15)

The term R is rotational matrix from
homogeneous transformation matrix, d is linear
velocity, § is angular velocity, and Z is direction
vector of the joint. It should be noted that the
manipulator joint motion is predefined using a 5™-
order spline function.

C. Ship Motions

Ship motions are carried out by numerical
simulation using commercial software. In this paper,
ANSYS Agwa is employed to simplify the process
from the ship modelling until the ship motions
analysis. This type of software provides a toolset for
investigating the effects of environmental loads on
floating and fixed offshore as well as marine
structures. This software can also be used to analyze
the hydrodynamic diffraction and responses of a
body subject to ocean waves. Overall, hull modelling,
meshing process, and ocean waves generation
subject to the ocean depth are evaluated by ANSYS
Agqwa.

1) Ship hull modelling

In practice, a ship model can be simplified into a
hull model, which can be seen in Figure 4. The hull
interacts with ocean waves so that it becomes the
main geometry that must be modeled properly. In
Agqwa, modelling is based on surface geometry that
may be designed from a geometry editor in ANSYS or
other modelling softwares in the form of *.stp or *.igs
files. In this paper, Solidworks in *.stp format is used
and then imported into a geometry editor in Aqwa.

2) Meshing process

The meshing process is performed in Aqwa.
Boundary conditions and parameters of the ship are
tabulated in Table 2. However, the current meshing
process is different from the common CFD mesh,
where the working fluid is set as the object. Here,
the ship hull is the mesh object, as seen in Figure 5.
It shows the surface mesh of the ship hull and the
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Figure 4. Geometry of ship hull surface

grid independence test result that corresponds to
the hydrostatic heave as the parameter for
determining the effective total elements. At the
22,210 elements, the hydrostatic value has
approached the correct value and it becomes the
meshing parameter hereafter. Using the higher
elements can result in long-time iteration in the
simulation process.

3) Ship and ocean random waves interaction
modelling

Random ocean waves are applied rather than
regular ocean waves since they represent the actual
ocean waves. Adopted from Linear airy wave theory
[29], random ocean wave height is a summation of
regular waves with different frequencies. JONSWAP
type spectrum is used, which is the standard ocean
wave model and more versatile than other
spectrums. Its spectral ordinate at a frequency (w) is
expressed as equation (16),

s = (o (-3 )y )

The term « is a Phillip’s constant, H is significant
wave height, w, is peak frequency,y is peakedness
parameter, o is shape parameter [24]. By taking the
values of spectral ordinate S(a)), the amplitude of the

/™ ocean wave component can be calculated by

using equation (17),

a; =+/2S(w)Aw (17)

From equation (17) and the values of a;, the time
series of wave height can be generated as equation
(18),

£y, t) =N, a;sin(w;it +6; —kixcos y — kyysiny)  (18)

The term ¢ is wave elevation, N is number of
wave component, k is wave number, and y is wave
propagating direction. From linear wave theory,
wave particle kinematics can be expressed as
equations (19)—(23),

coshlk(z+h)]

v, = w{, SR () cos(kx — wt) (19)
v, = w(a%sin(kx — wt) (20)
a, = wz(a%i;h)]sin(kx — wt) (21)
a, = wzia%cos(kx — wt) (22)
Pp = pgla LML s (lex — wi) (23)

cosh(kh)

The term v, and v, are horizontal and vertical
water particle velocity, a, and a, are horizontal and

Table 2.

Ship parameters in meshing process

Parameter Value
Defeaturing tolerance (m) 0.15
Maximum element size (m) 0.35

Total nodes 22,484
Total elements 22,210
Density of water (kg/m?) 1025
Water length and width (m) [300; 200]
Gravitational acceleration (m/s?) 9.81
Draught (m) 3.13
Breadth (m) 9.5

Length between perpendiculars (m) 53.25
Mass (kg) 600858
Radius of gyration (m) [3.179; 13.313; 13.845]
Center of gravity (m) [0:0; 0]
Center of buoyancy (m) [0; 0; 0.83]
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Figure 5. Result of meshing process, (a) hull surface mesh; (b) grid independence test

vertical water particle acceleration, pp is dynamic
pressure, p is water density, {, is wave height, t is
time, and h is water depth. Impulse of the wave
particles will cause motion of the ship hull. The
equation of motion is expressed in a convolution
integral form as equation (24),

(M +ALX () +c X " () + KX(¢t) + fot R(t —
)X " (t)dr = F(t) (24)

The term m is structural mass matrix, 4, is fluid
added mass matrix at infinite frequency, c is

damping matrix including the linear radiation
damping effects, K is total stiffness matrix, R is
velocity impulse function matrix, and X, X, and X are
respectively matrices of position, velocity, and
acceleration of the ship. An integration of equation
(24) is held numerically by Aqwa using parameters
in Table 2.

Ship motion analysis is carried out in three
classifications of ocean depth, such as shallow,
intermediate, and deep waters, as shown in Table 3,
which have an effect on the speed of ocean waves

Table 3.

Random ocean waves parameters
Ocean classification Depth (m) Significant wave height (m) Wave frequency (Hz) Sea state
Shallow 50 0.50
Intermediate 750 2 0.48 Moderate
Deep 3000 0.46
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Table 4.
Dynamic terms for azimuth angle
Term Torque
Inertia {Lz, + Lux, sin? 0y, + (Iyy, + mymy,?) cos? 6,16,
+{—mzrx2 sin@,, cos glz_]_'XS
+{mzrx2 cos 0y, cos 912}}’3
1 ) .
+ {E (Iex, = Iy, — Ma1,?) cos 6, sin 2 9,2} ¢
1 2) o ; .
+ {E (Im2 — Ly, =M1y, ) sin @, sin2 9,2} 1)
Iz, + Lix, sin? 8y, + (I, + myry,?) cos? 0, 1
Coriolis {(Iex, = Ly, —my1,?) sin 26,16, 6, o
H{[(Ix, = Ly, — May,2) €05 20y, — 1, — my1y, %] cOS 9[1}Q12¢
H[(Lex, — Iy, — Ma1,?) cOs 26, =Lz, — my1y, 2] sin 6, 16,6
H(lew, = Iy, — mZszz)_ Si'” 26,36,
+{mzrx2 cos ), cos 912})(31/)
+{mzrx2 sin 6y, cos 912}}’51/'1 )
+{—mzrx2 cos 6y, cos 912}?s¢
+{—mzrx2 sin @, cos 012}25¢ )
Hlex, = Ly, = Lz, — Moty + (Iyy, + mar?) sin® 0;, + Iy, cos? 0| cos 26, }p¢p
1 ] ] o
+ {E (Lex, = Iy, — maty,?) sin 6, sin 2 9,2} o
1 ) ] »
+ {_E (Ixe — Ly, —myry, ) cos 6y, sin2 912} oY
Centripetal 1 . . ;
P {E Lz, = Iyy, = Lz, = Mame,® + (I, + M1y, ?) sin? 0y, + Ly, cos? 6y, ] sin 2 011}4)2
1 . . .
+ {_E [Lex, = Ly, = Lzz, — mare,® + (Lyy, + M1y, ?) sin? 0y, + Ly, cos? 6, ] sin 2 911}4)2
Gravity mygry, cos 6y, (sin 0y, sin @ + cos 0y, sin ¢ cos ®)

[30]. Equations (19)-(23) fortify that the kinematics
of the wave particle is the function of ocean depth.
Once the simulation is completed, six-DoF ship
motion can be obtained and applied to the
calculation in equation (11).

[1I. Results and Discussions

The results of the analytical derivation of
manipulator joint torque using the Lagrange-Euler
method are tabulated in Table 4 for the azimuth
angle and Table 5 for the elevation angle. The
equations are classified into dynamic terms for
clarity. They have been validated by excluding the

400

terms of ship motions, and the results are similar to
those without ship motions. Those terms are then
utilized by substituting manipulator parameters in
Table 6 and joint trajectories in Figure 6, which
consist of both azimuth and elevation joints position,
velocity, and acceleration over 30 s. The joint angles
are obtained from the inverse kinematics process
[31] and their trajectories are generated using the
5% order spline function. As can be seen,
smoothness of joint position, velocity, and
acceleration can be obtained.

As mentioned in the previous section, ship
motions are obtained using numerical simulation
through hydrodynamic time response analysis in

. 300
Elevation r

- Joint -
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elevation
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9! 0

1
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Joint R
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Time (s)

Figure 6. Manipulator joint trajectories
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Table 5.
Dynamic terms for elevation angle

Term Torque

Inertia {2z, + mar, 210,

+{—m,n, cos 8, sin6,,}X;
+{—myny, sin 6, sin 6;,}¥s
+{m2rx2 cos 912}25

+{(1222 + mzrx22) sin gll}é
+{_(Izzz + mzrxzz) cos 911}('2j

{[_(Ixxz -

Coriolis

Ly, — M1y, %) €05 260y, + Ly, + my1y,*] cos 6,16,

H{[~ (e, = Lyy, = Ma1,) cOS 28y, + Ly, + myr?] sin 6, 16, ¢

H=(lex, = Iy, — Mo, %) sin 261, }01,9
+{—myry, cos 6, }Xs¢

+{—myny, sin 8, sin 6, }Xs3p

+{m2rx2 cos 912}}"5d)

+{m,ry, cos 8, sin 6, }¥sp

+{m2rx2 sin gy, sin le}Zstﬁ

+{—m2rx2 cos 0y, sin le}ngb

1 2\ o . .
+ {E (1,sz — Ly, —mory, )sm 26, sin2 912}¢<p

H=(Lex, = Ly, — Ma1y,,2) cos 0;, cos 26, )y

+{_(1xx2

Centripetal 1 ) L2
P {_E(IXXz =1y, —mzrx22) 51712912}911

— Ly, — my1y,2) sin 8, cos 26, )i

1 , .
+ {E (Lex, — Iy, — my1y,?) cos? By, sin 2 912}4)2

1 . . )
+ {E (Iex, = Ly, — Maty,2) sin? 6, sin 2 le}goz

1 , )
+ {— 3 (Lex, = Iy, — Mo, ?) sin 2 912}1,02

Gravity

mygry, [sin 6, (cos 0,, sing — sin 6, sin ¢ cos <p) + cos 6y, cos ¢ cos <p]

Table 6.
Parameters of manipulator

Parameter

Value

Mass (kg)
Coordinates of CoG (m)

Inertia moment at CoG (kg.m?)

Gravity (m/s?)

m;=150; m,=128

Ix7=0.00; ;= 0.19; r;; = 0.00;
Ix2=0.64; 1,,=0.45 r;;=0.40
Ixx;=4.25; lyy;=5.45; [zz;=5.98;
Ixy;=0.043; lyz;=0.553; Ixz; = 0.012;
Ixx2=0.108; lyy,=14.745; Izz,= 14.74;
Ixy,=0.083; lyz;=0.002; Ixz,=0.019

2x=0;2,=0; 2,=9.81

ANSYS Agwa subject to the three ocean depths. As
part of the hydrodynamic response study, an
exhaustive time domain response analysis examines
the various effects of irregular wave loads on the
dynamic responses of the ship [32]. Figure 7 shows
three time series of ocean wave height and its
corresponding six-DoF ship motion. It is clearly seen
that the wave height is inversely proportional to the
ocean depth following equation (20) and equation
(22). Shallow water produces higher ocean wave
height so that the amplitudes of the surge, sway, and
yaw motions become higher than the other motions.
On the contrary, the dynamic pressure of the ocean
wave is directly proportional to the ocean depth
following equation (23), implying that lifting
motions such as heave, roll, and pitch have higher
amplitudes in deep water. Those results are then fed
into dynamic terms in Table 4 and Table 5, along
with predefined joint trajectories.

Torque comparisons between an undisturbed
manipulator (without ship motions) and a disturbed
manipulator (with ship motions) in shallow water
are then investigated and displayed in Figure 8 and
Figure 9, respectively. Those figures present the
distributions of joint torque for each dynamic term

of azimuth and elevation links. As can be observed,
the inertia term is the most dominant torque to the
manipulator for the azimuth link, while the gravity
term is found to be dominant in the elevation link.
This is to be expected since gravity works on the axis
of rotation of the elevation link. Further, a
comparison between undisturbed and disturbed
manipulators under variations of ocean depth is
revealed in Figure 10. It is apparent that the ship
motions greatly affect the values of manipulator
joint torque.

The values fluctuate around the value of the
undisturbed manipulator for all ocean depths,
become unstable and increase to certain maximum
values in order to maintain the position of the end-
effector. It is found that shallow water produces the
highest torque value in azimuth angle, where the
increment is around 8.271 N.m or 285.69 % from the
undisturbed manipulator. Intermediate water
produces the highest torque in elevation angle,
where the increment is around 53.321 N.m or
6.63 %. The performance of manipulator joints in
terms of angular speed and torque is then compiled
in Table 7 to support the results in Figure 10.
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This is to be expected since shallow water angle. The maximum torque of elevation angle is
produces the highest amplitude in yaw motion, produced in intermediate water depth because the
which is the variable of the inertia term in azimuth highest amplitude in roll motion is achieved in
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Figure 8. Azimuth torque distribution: (a) undisturbed; (b) in shallow water
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show that maximum torque between applied ocean
depth variations has small differences.

intermediate water depth in the first 7 s of response

since gravity term, as the main contributor of the

elevation angle, contains roll motion. The results
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Table 7.
Manipulator Torque Performance
Performance
Manipulator joint Ocean depth
Undisturbed -
Shallow Intermediate Deep
Azimuth
o, @, @, @,
1=22.492°s 1=22492°[s 1=22492°fs 1=22492°fs
T 4 4 4
1=2.895N.m 1=11.166 N.m 1=7.468 N.m 1=7.147 N.m
Elevation
o, o, o, o,
2=3.749°fs 2 =3,749°s 2 =3,749°s 2 =3,749°s

4
2 - 803.943 N.m

4
2 =854.261 N.m

T T
2 857264 N.m 2 - 856,325 N.m

[V. Conclusion

A ship-mounted two-DoF manipulator dynamics
under the variations of ocean depth have been
investigated in this paper. The results are obtained
by combining the mathematical model of the
manipulator system with the numerical simulation
of ship motions. Finding results show that
randomness of ship motions appears in joint torque
in terms of oscillations, resulting in higher
maximum torque values than the manipulator
without ship motions. Shallow water produces
maximum joint torque to the azimuth angle with an
increment of 8271 N.m (285.69 %) from the
undisturbed manipulator. Meanwhile, intermediate
water produces a maximum joint torque value to the
elevation angle with an increment of 53.321 N.m
(6.63 %). However, the difference between water
depth variations is relatively small. Current results
can be taken as a baseline for sizing the electrical
motor of the manipulator system and the
development of a robust control system.
Experimental work is recommended as future work
to validate simulation results.
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