SN KREZZ2MTIER Y R b

Kyushu University Institutional Repository

Motor Sizing of a Ship-Mounted Two-DoF
Manipulator System Considering Variations of
Ocean Wave Direction

Mohamad Luthfi Ramadiansyah
Research Center for Smart Mechatronics, National Research and Innovation Agency (BRIN),
Indonesia

Yazid, Edwar
Research Center for Smart Mechatronics, National Research and Innovation Agency (BRIN),
Indonesia

Mirdanies, Midriem
Research Center for Smart Mechatronics, National Research and Innovation Agency (BRIN),
Indonesia

Rahmat
Research Center for Smart Mechatronics, National Research and Innovation Agency (BRIN),
Indonesia

ftt

https://doi.org/10.5109/7151721

HARIESR : Evergreen. 10 (3), pp.1726-1735, 2023-09. HINKZET) —vF o/ QS —HEBB LY
,9_

N—=I 3

YEFIBI{% : Creative Commons Attribution-NonCommercial 4.0 International




EVERGREEN Joint Journal of Novel Carbon Resource Sciences & Green Asia Strategy, Vol. 10, Issue 03, pp1726-1735, September 2023

Motor Sizing of a Ship-Mounted Two-DoF Manipulator
System Considering Variations of Ocean Wave Direction

Mohamad Luthfi Ramadiansyah!”, Edwar Yazid', Midriem Mirdanies!, Rahmat!,
Budi Azhari!, Muhammad Fathul Hikmawan'

'Research Center for Smart Mechatronics, National Research and Innovation Agency (BRIN), Indonesia

*Author to whom correspondence should be addressed:
E-mail: moha057@brin.go.id

(Received February 20, 2023; Revised July 21, 2023; accepted July 26, 2023).

Abstract: Inverse dynamics model of the manipulator system combined with ship motions is
required in order to size the electrical motor performance for ship-mounted subsystems. This study
examines a sizing methodology by developing an integrated dynamical model of a two-DoF
manipulator system mounted on the ship by using Lagrange-Euler method and simulating ship
motions using ANSYS AQWA. Given the parameters of manipulator links and six-DoF ship motions,
joint torques of a two-DoF manipulator and its electrical motors can be calculated by including the
mechanical transmission. Under variations of wave direction with the JONSW AP spectrum applied,
the results show that the ship motions significantly contribute to the mechanical and electrical
manipulator torques, with the highest value at the 90° wave direction (beam sea) for the azimuth
motor and at the 45° wave direction (quartering sea) for the elevation motor. The results can be used
to size the motor torque specification by taking into account the random wave-induced ship motions
and they can be extended to the development of a robust control system for the manipulator system.

Keywords: Electrical Motor, Two-DoF Manipulator, Inverse Dynamics, Lagrange-Euler,

Hydrodynamics Response

1. Introduction

Robotic technology is widely used in many engineering
applications, such as  vehicles’, industrial?,
communication®, underwater®, and humanoid robots®
with their own objectives. It also has been carried out by
Vaibhav® in the hexapod walking robot design and
Himanshu? for a baggage sorting robot. A manipulator
system is one of the robotic applications which has several
links in terms of its degrees of freedom. Kinematics and
dynamics analyses are the essential tasks that need to be
fulfilled in the manipulator design. It has been carried out
by Chauhan and Khare® for the kinematic analysis of a
six-DoF industrial robot arm. Dynamic analysis is then
used to obtain some dynamic parameters such as torsion,
force, or acceleration of the manipulator links.

Motor sizing in the two-DoF manipulator system is a
substantial phase that needs to be performed to obtain a
proper motor performance. When the system is mounted
on a ship and applied in the ocean, the accuracy of the
manipulator’s motion to lock the target position will be
degraded due to unsteady ship motions. Such a condition
also leads to potentially serious damage to the manipulator.
To compensate ship’s motions, manipulator dynamics
analysis needs to take into account the ship dynamics
since the ocean wave induces the ship.

The literature contains prior research on a variety of
related topics. Some references are focusing on the control
system, i.e. Love®” robot control modeling on ships,
Kosuge!? for controlling manipulators floating on water,
Kajita! discussed force control of floating manipulators,
and Oh'? designed a robust two-stage parallel cable robot
controller. A dynamic model for mechanism on a non-
inertial base had been addressed by applying one direction
of the regular wave'?). Research by Hong!¥ is the closest
reference to the current paper that addresses the dynamic
analysis of a two-DOF manipulator subjected to regular
and random waves. Preliminary research on motor sizing
has been done for a manipulator system with a fixed
base!>. However, depending on the information that the
author observes, research on the ship motions that are
applied to the manipulator system is relatively rare. The
six-DoF ship motions are taken into account in this paper
to improve the work dynamics'® of a two-DoF
manipulator installed on a ship with different
hydrodynamic processing tools and to investigate the
effect of ocean wave directions. Luo found that in the
offshore application of the power transmission system, the
dynamics of the wire were significantly affected by the
wave and wind direction!”.

Hence, this paper’s contributions are to develop a two-
DoF manipulator integrated inverse dynamics model by
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taking the dynamics of a ship and mechanical
transmission (gearbox) system into consideration, to
simulate ship motions with various ocean wave directions
using commercial software ANSYS AQWA, to calculate
the manipulator motor's performance while taking into
account ship motions at predetermined joint angles, and to
evaluate whether ocean wave direction affects motor
performance.

This paper is outlined as follows: Section 2 describes
the system description covering the ship geometry and the
two-DoF manipulator system. Section 3 contains the
research methodology. Section 4 presents the results and
discussion. Section 5 provides conclusions and
recommendations.

2. Description of the system

The modeling of a two-DoF manipulator system
mounted on the ship tshown in Fig. 1 employs three
coordinate systems. Apart from the ship, the reference
coordinate frame or inertial coordinate is denoted as O,-
X.Y2Z,. The ship coordinate, which is attached to the hull
and located at the center of gravity, is denoted as Os-
XsYsZs. It corresponds to the primary axes of the
translational ship motions (surge, sway, and heave). Roll
(), pitch (@), and yaw () are rotational ship motions that
rotate about the axis of a surge, sway, and heave,
respectively. For details, the ship model as well as the
inertial and ship coordinates are shown in Fig. 1(a). The
manipulator coordinate that is applied in the manipulator
system is notated as Op-XpYyZy and follows the Denavit
Hartenberg notation. It should be noted that the ship
dynamics are derived at zero speed, so the inertial and ship
coordinates are assumed to be a coincidence. The
manipulator system is operated and placed at the ship's
center of gravity (CoG), then the distance between the
ship and manipulator coordinates becomes zero.

In addition, the geometrical parameters and schematic
of the manipulator are shown in Fig. 1(b). The
manipulator has two joints termed azimuth and elevation.
The azimuth joint rotates the link in the horizontal plane
with an azimuth angle (6;;) and the elevation joint rotates
the link in the vertical plane with an elevation angle (61).
Both angles will change in relation to the target position
P, and a camera mounted on the manipulator is used to
determine the target's position (Ay, Ay, Az).
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Fig. 1: Models of (a) ship and (b) two-DoF manipulator
system.

3. Research methodology

The workflow for simulating the inverse dynamics
model of a two-DoF manipulator mounted on the ship is
depicted in Fig. 2. The electrical motor torques are derived
from the inverse dynamics model with input from joint
trajectories and ship motions. Each step is discussed in the
next subsections.

Manipulator
Kinematics Model
Ship Motions ».| Inverse Dynamics |+.| Joint Trajectory
Xo Y5 Zs. b0 |7 Model 0,.0,
Mechanical Manlpulatqr Joint
. Dynamics
Transmission
- 0,7,
Motor Torque
TE‘ > TE»,

Fig. 2: Workflow for simulating the ship-mounted two-DoF
manipulator's inverse dynamics.

3.1 Models of ship motions

To simulate the ship motions, ANSYS AQWA is
employed to simplify the modeling process from the hull
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model until the ship motions analysis. AQWA has also
been widely utilized by researchers to analyze a variety of
maritime and offshore structures, including wave energy
dissipators'®, floating breakwaters by Samei'” and
Rajabi?®, wave energy converters?!), vessels??, and wind
turbines by Chu?® and Huijs>¥. Steps for simulating the
ship motions subjected to ocean waves inside the AQWA
are visualized in Fig. 3.

Hull Model I:ft}{ Wave Creation ‘

[
<L

Hydrodynamics
Time Response

I
HE
1L

Ship Motions
XSaYSaZS’¢a(DaW

Fig. 3: Steps for simulating the ship motions subjected to
ocean waves.

The 3D hull model is prepared according to the selected
ship and then imported into AQWA with predefined
parameters, such as the position of CoG, size of the water
domain, and inertia moments of the hull. Fig. 4 depicts the
ship hull model and meshing step.

(b)
Fig. 4: Ship hull model (a) ocean boundary size (b) meshing
step.

The standard ocean wave models are used in the form
of a power spectrum. The spectrum that is adopted in this
paper is the JONSWAP type spectrum, which is more
versatile than other spectrums. This ocean wave
generation is different from the free surface that has been

performed by Mohd?), where the surface generation was
using Lattice Boltzmann Method?®. The JONSWAP
spectrum at a frequency (w) is written as,

aH!w' o\
S(w)szexp —125(;17} }/b (D
2
0—w
b =exp —% 2)
20" w,

Eq. (1) defines the following parameters: o represents
the Phillips constant, w, is the wave peak frequency
(rad/s), H, is the significant wave height (m), y is the
parameter of peakedness, which ranges from 1 to 7, and ¢
is shape parameter?”. To generate random ocean waves,
wave peak frequency, significant wave height, peakedness
parameter, and wave direction must be determined.

The wave energy is converted into fluid mass flow by
AQWA, and the wave impulses affect the ship's hull to
move. The Hydrodynamics Time Response feature is used
to process the global equation of motion, which is the
basis for the numerical iteration. Simulation is defined by
the time step and limit, which the hull is induced by the
ocean waves. Thus, the ship motions, such as position,
velocity, and acceleration, can be obtained from
simulation.

3.2 Models of manipulator kinematics

There are two approaches to defining the models of
manipulator kinematics: forward and inverse. As seen in
Fig. 1, the manipulator kinematics model can be generated
in a forward approach in terms of a homogeneous
transformation matrix that refer to the Denavit Hartenberg
notation. The homogeneous transformation matrix for
each link can be written as,

co, —sbca, sOsa, aco

il s6,  cbca, —cbsa, as6,
T = ®)

0 s, cq, di
1 1
L 0 0 0 1|
0 0 1

Ly =Ly Ly @)

The notations in Eq. (3) are as follows: s and ¢ represent
sin and cos, respectively; a and d are the link lengths in
the X and Z axes (m); 8 and « are rotational link angles in
the Z and X axes (rad). From Eq. (3), it is derived
sequentially from the ship (7s), manipulator (7)), camera
(T¢), and target (77). The matrix is written as,

TZTS'%JTM'TC'TT )
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The homogeneous transformation matrix of a ship is
derived from the six-DoF motion and it can be expressed
in Eq. (6) where matrices of 7¢ and 77 are excluded for the
sake of simplification,

cycp cyspsp—sycd cychse+sysp X
syep  sgspsy +cyed  spsycp—cysp Y
Iy = (6)
4 cosg cpep Zs
0 0 0 1

3.3 Models of inverse dynamics

The Lagrange-Euler method is used to derive an inverse
dynamics model of a two-DoF manipulator system.
Lagrange formulation is an energy-based approach
defined as the difference between a mechanical system's
kinetic energy (K) and potential energy (U). It can be
written as follows,

L(©,6)=K(0,0)-U(0) (7)

Term @ is joint position (m or rad) and © is joint
velocity (m/s or rad/s) of the manipulator, which can be
applied to both rotational and translational motions. The
kinetic energy and potential energy of the i-" link can be
expressed as,

1 1, 7¢.,:
K, :Em.vg’vq +5 o 1w, (8)

U=-m"g" OPCI_ ©)

Term P is 3 x 1 vector of position obtained from
homogeneous transformation matrix. Terms m;, v, @; and
I; represent the link’s mass (kg), linear velocity (m/s),
angular velocity (rad/s), and moment of inertia (kg.m?),
respectively. The velocity propagation is used to calculate
linear and angular velocity of the link as follows,

i+1 i+l i i i 7 i+l
Via = iR( Vi+a)iXE+l)+di+l Z,

+ i+1

(10)

i+l

Wy = H;lei +0,, I+IZi+1 (11)

Term R is 3 x 3 rotational matrix from the homogeneous
transformation matrix, d is the linear velocity matrix
(m/s), @ is the angular velocity matrix (rad/s), and Z is
the vector direction of the joint. Once the Lagrange
equation is obtained from Eq. (7), the Euler equation is
applied to form an equation of motion for the manipulator,
which is written as,

— =7 (12)
dt 00 00

or it can be rewritten as,

=7 (13)
dt 0® 00 00

Term 7 is n x 1 manipulator joint torque matrix which
can be separated and expressed as follows?®,

r=M(0)6+V(0,0)+G(©)  (14)

Term M denotes the inertia matrix n x n, Vis n x 1
matrix of centrifugal and Coriolis, and G is n x 1 matrix
of gravity.

3.4 Models of mechanical transmission and
electrical motor

Mechanical transmission is applied to manipulate the
angular velocity and torque of the electrical motor. It is
located on the manipulator gearbox, as shown in Fig. 1.
Schematic of mechanical transmission is depicted in Fig.
5 below.

Electric
Motor

Manipulator
Joint

J.b,

o

Fig. 5: Schematic of a rigid mechanical transmission.

Under static conditions and assuming that it is a rigid
body'?, the torque of an electrical motor can be calculated
as follows,

0 1
rm (t):Jm%(t)Ham o (t)+52'1(t) (15)
0
7, (t)=J, a"; (t)+b, o, (t)+—7,(¢) (16)
7, (t)w,(t)=7,(1) o, (1) (17)
o=@ (1) as)

Term J is transmission inertia (kg.m?), b is transmission
friction (N.s/rad), and G is ratio of gear. By substituting
(17) and (18) into (16), Equation (15) can be expanded and
rewritten into,

1
. =(Jm —J ]a“’m

G ') ot 19
1 1
+| b, +—=5b, |0, +—T,
G G
ow, 1
T, =Jop o +B,, a)m+6q (20)
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By taking 1, = 7, and w,, = %wr, electrical torque
of the motor can be expressed as,

T =£(J é)+%(B 0 1)

1
r }’)—"_—T
e P eqv eqv G l

4. Results and discussions

The ship is subjected to random ocean waves, with its
parameters shown in Table 1 and wave parameters and
directions shown in Table 2. Simulations are performed in
time duration of 100 s, and the results are displayed in Fig.
6. With geometry and simulation settings of the designated
ship, in general, random waves with 0° direction (heading
sea), amplitude of the surge motion becomes the biggest.
Nevertheless, below 78 seconds in the motion responses,
the pitch motion also exhibits biggest amplitude although
it decreases as time increases. Further, when the ship is
subject to random waves with 90° direction (beam sea),
biggest amplitude is found in the sway and roll motions.
However, a phenomenon in heading sea is again found
that below 78 seconds, biggest amplitude is also found in
the yaw motion when the random waves propagate in 45°
direction (quartering sea). However, after that period, the
beam sea takes over.

Joint trajectories are defined by maximum angle of
azimuth of 360° and elevation of 60°. They are designed
to move from 0° position to the aforementioned maximum
angles continuously using a Sth-order spline function.
Main parameters for two-DoF manipulator and
mechanical transmission are tabulated in Table 3. The
equation of motion of manipulator in Eq. (14) is then
utilized which contains the dynamic terms of torque such
as inertia, centripetal, Coriolis, and gravity. Predefined
joint Trajectories in terms of position, velocity, and

acceleration for both joint angles and the six- DoF ship
motion are fed into those terms. Figure 7 presents the
simulation results with an azimuth link in Fig. 7(a) and an
elevation link in Fig. 7(b). As can be observed,
manipulator joint torque becomes unstable (oscillation)
and increases to certain maximum values when its base is
disturbed by the ship motions. The beam sea produces the
greatest manipulator torque in the azimuth link, where the
increment is approximately 335.26 N.m. with respect to
the manipulator system without ship motions. Meanwhile,
in the quartering sea at 45° wave direction, the highest
torque is found in the elevation link where the increment
isup to 89.39 N.m.

Further investigation is conducted by comparing the
torque distributions between manipulators without ship
motions in Fig. 8(a) and with ship motions in Fig. 8(b)
subject to beam sea based on Eq. (14). As shown in Fig.8§,
the gravity term is a major contributor to the elevation
joint torque (bottom graph), and the inertia term is a major
contributor to the azimuth joint torque (top graph).

Table 1. Ship Parameters.

Parameter Value
Density of water (kg/m?) 1025

Water domain (m) [300; 200; 60]
Gravity (m/s?) 9.81

Length BPP (m) 53.249
Breadth (m) 9.515
Draught (m) 3.128

Total mass (kg) 600858
Center of Gravity (CoG) (m) [0; 0; 0]
Center of Bouyancy (CoB) (m) [0; 0; 0.827]
Radius of gyration (m) 533'.1885’]13'3 L

5 : : e 60 2
O fmszmmg s T e //-"r
= S _ A0t - .
E ey E e B
= e =]
g =N / z
2 10 é 0 - / % 0
o —_ o . 1’
%u -1s (1) o ; - - K
] 30 « 0 - ot T
20 45°
________ 900
-25 =20 -2
0 20 40 60 80 100 20 40 60 80 100 0 20 40 60 80 100
Time (s) Time (s) Time (s)
60 T . " - b 20
6 0 -
— o — \.\\
b1 = < 20 T
s = Z 40
— =1 e M,
= ] N 3
E £ = -60
-80
\
40 : : : % : : : 100 : . :
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Fig. 6: Ship motions subject to variations of random ocean wave direction.
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Fig. 7: Manipulator torque of (a) azimuth link (b) elevation link.
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Table 2. Wave Direction Series.
Significant Peak
Wave Sea .
.. Wave Height | Frequency
Direction State
(m) (Hz)
Heading sea
(0°)
Quartering
sea (30°)
; Moderate 2 0.1
Quartering
sea (45°)
Beam sea
(90°)

Table 3. Two-DoF Manipulator Parameters.

Parameter Value
Mass (kg) m; =135;m>=103.5
CoG Position | r=0.00; r,;=0.187; r-1=0.00;
(m) ra= 0.638; 2= 0.453 r2= 0.398
Iex; =4.25; Iyy1 = 5.45; Izz1 = 5.98;
Moment of _ . _ . _ .
Inertia Ixy1 =0.043; Iyz; = 0.553; Ixz; = 0.012;
(kg.m?) Tox2 = 0.108; [yys = 14.745; Izz: = 14.74;
Ixy>=0.083; Iyz>=0.002; Ixz> = 0.019
Gear Ratio Gi=1,G>=17.5
Transmission
Inertia Coef. J1=6.528¢3; J,=5.337¢*
(kg.m?)
Transmission
Friction Coef. | b;=3.572¢2; b>=3.566¢e*
(N.s/rad)

Azimuth joint is directly affected by the yaw motion
due to it moves in the same direction as the azimuth link
rotation, which is why the highest azimuth torque is
achieved at beam sea. Gravity term contains pitch and
yaw motions as well as the angle of elevation link. As
seen in Fig. 6, the quartering sea has a higher pitch and
yaw motions than the beam sea at the beginning of
response. Since the elevation torque is higher at the
beginning of elevation link motions, the highest torque
is achieved in the 45° wave direction.

As stated in the previous section, the electrical motor
torque performance is calculated from the manipulator
torque in Eq. (14) through the mechanical transmission
in Eq. (21) which are the results tabulated in Table 4.
The electrical torque as well as the motor parameters are
shown in Fig. 9(a) for azimuth and Fig. 9(b) for
elevation angle. It seems that the trend is similar to that
of the manipulator in Fig. 7, in which both motors
oscillate with an increase in maximum torque. These
findings show that the torque value can be greatly
reduced by the gear ratio, but there is less contribution
from the friction and inertia factors of the transmission
due to joint and motor parameters being defined at a low
speed. Thus, the result can be used to guide electrical
motor selection in the ocean-based manipulator system.
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Fig. 8: Dynamics of manipulator: (a) without ship motion (b) ocean wave at 90° direction (beam sea).
Table 4. Two-DoF Manipulator Performance.
Two-DoF Performance
0-Do
w. Without Ship With Ship Motions (Direction)
Manipulator R
Motions 0° 30° 45° 90°
@, =6.75°s @, =6.75°s @, =6.75°s @, =6.75°s @, =6.75°s
Azimuth Link
7,=0.225N.m 7, =19.936 N.m 7,=209.949N.m | 7, =283.130N.m | 7, =335.488 N.m
@, =6.75°s ®,=6.75°s o, =6.75°s ®,=6.75°s ®,=6.75°s
Azimuth Motor
7, =0.227N.m 7, =19.933N.m 7,=209949Nm | 7, =283.130N.m | 7, =335.483 N.m

Elevation Link

®, = 1.125°%s
7, =649.831 N.m

@, =1.125°s
7, =725.691 N.m

@, =1.125°%s
7, =734.442 N.m

m, = 1.125°%s
7, =739.219 N.m

@, =1.125°%s
7, =737.635 N.m

Elevation Motor

o, =8.436 /s
7, =92.833N.m

o, =8.436 /s

7, =103.670 N.m

®, =8.436°/s
7, =104920 N.m

o, =8.436 /s

7, =105.603 N.m

®, =8.436°/s
7, =105376 N.m
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Fig. 9: Electrical motor torque of (a) azimuth motor (b) elevation motor.

5. Conclusions and recommendations

Integrating the mathematical models of the ship,
manipulator, and mechanical transmission enables the
successful sizing of the motor employed in a ship-
mounted two-DoF manipulator system. The ship
motions are also successfully calculated by considering
the variations of ocean wave direction. Results show
that the electrical motor torque is greatly affected by the
ship motions, where the value of the torque becomes
higher and oscillates transiently. Ocean wave direction
in the beam sea (90°) has the highest impact on the
electrical torque of azimuth motor, while in the
quartering sea (45°), ocean wave direction has the
highest impact on the electrical torque of elevation
motor. Hence, the proposed methodology and finding
results in this paper can be used for sizing and selecting
the electrical motor specifications that are applied to the
ocean-based manipulator system. The outcome can also
be used to design a reliable control system that uses an
analytical methodology.
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Nomenclature
S(w) JONSWAP spectrum (m? rad' s)
T Transformation matrix (-)

(b)
K Kinetic energy (J)
U Potential energy (J)
Greek symbols
0, Manipulator link angle (°)
0. Electrical motor angle (°)
@, Manipulator angular velocity (°/s)
@, Electrical motor angular velocity (°/s)
a, Manipulator angular acceleration (°/s?)
a, Electrical motor angular acceleration
(/s
T, Manipulator torque (N m)
T, Electrical motor torque (N m)
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