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Abstract:

This article presents research results on building a model
to reproduce ship vibrations based on a parallel robot
with 6 degrees of freedom on the Gough-Stewart plat-
form. Vibration data at the ship’s center of gravity, cal-
culated by simulation software, will be inputted into the
model. The regenerative control system uses a simple PID
controller to control input trajectory tracking. Simulation
results on Matlab/Simulink software have demonstrated
the reproduction of ship vibrations within the allowable
error.
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1. Introduction

The vibration of ships under the impact of ocean
waves is one of the most complex types of oscillations.
The study of ship vibrations plays an important role
in ship design, installation, stable control of shipboard
systems ship driving simulation [5, 11, 12]. Because
the ship’s vibration is complex, making actual mea-
surements costs both money and time, it is difficult
to cover all types of ships and different types of wave
levels. Therefore, the study of reproducing ship vibra-
tions on simulation models or semi-natural models is
of great significance in steering simulation problems,
especially in research problems of stable control sys-
tems equipment placed on board. The Gough-Stewart
6-degree-of-freedom parallel robot consists of a work-
ing stage (moving base) linked to a fixed base through
six legs by ball or propeller joints. The robot has 6
legs that are driven by electric motors or hydraulic
cylinders. The robot’s structure allows movement in 6
degrees of freedom for the work stage by changing the
length of each leg. Parallel robots can create vibrations
similar to the actual vibrations of moving vehicles such
as ships, cars, and airplanes. Therefore, parallel robots
with 6 degrees of freedom of the Gough-Stewart plat-
form are often used in flight simulation systems and
ship-driving simulation systems [11]. In current prac-
tice, the problems of calculating and reproducing ship
vibrations are mainly calculated based on 2D [13], or
3D models [5, 11]. They are mostly used in construc-
tion projects to simulate the motion of ships and serve
the training process of ship drivers [11].
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The oscillations reproduced in driving simulation
systems are usually oscillations given in the form of
harmonic functions. Simulation software allows use
to change the amplitude and period of oscillations.
Because the oscillations of ocean waves are very com-
plex, modeling in the form of harmonic oscillations
is not appropriate, they should be modeled based on
the energy spectrum and direction of wave propaga-
tion. From the wave vibration data in digital form, the
ship’s vibration data in digital form can also can be
calculated as input to regenerate the ship’s vibration.
This is the main content that this article presents with
the application of the 6-degree-of-freedom Gough-
Stewart parallel robot model to reproduce vibrations.
The next parts of the article include ocean wave mod-
els and ship motion models. Then the construction of
a ship vibration reconstruction system, the content of
simulation research, and the evaluation of results are
provided.

1.1. Vibration of a Ship on Sea Waves

Ocean waves are formed by the impact of wind,
astronomical gravity, and floating vehicles such as
ships. They are often described by wave height, length,
and period [2].The vertical difference between the
elevation of the adjacent crest and trough determines
wave height. In This article introduces ocean waves
formed due to the presence of wind. Ocean waves
can be understood as a superposition of multiple har-
monic waves, each of which has its amplitude, fre-
quency, and phase, as can be seen in Figure 1 [4]. There
are two main models to describe ocean waves [2]:
one-dimensional waves (long-crested sea)in Figure 2
and multi-dimensional waves (Short-crested sea) in
Figure 3. According to wind speed, ocean waves are
divided into 10 levels from 0 to 9, corresponding
to the wave’s oscillation amplitude [2]. Many mathe-
matical models describe the oscillations of different
ocean waves such as wave models based on wave
theories, wave models based on energy spectrum,
and wave propagation direction. The vibration equa-
tions of ocean waves are based on wave theories
such as Airy linear wave theory, Stokes wave theory,
and Cnoidal wave theory presented in the documents
model [3,10]. One accurate wave model is based on the
energy spectrum and direction of wave propagation.
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Figure 1. Superposition of waves and wave spectrum

Common types of wave energy spectra include
the Neumann energy spectrum, Bretschneider energy
spectrum, Pierson-Moskowitz energy spectrum, JON-
SWAP energy spectrum, and Torsethaugen energy
spectrum. In the framework of this article, a one-
dimensional wave oscillation model is used to study
ship oscillation and reproduce that oscillation. The
ocean wave model equation, [8] is presented in equa-
tion (1) below:

€00y, = I |S@iBucostk(x cos(+ )
=1
tyisin(p) — wit + &)

where: k;-wave number; A;-wave length of the it"

wave component; w-oscillation frequency; €;-Random
phase of the it" wave component; Aw-constant devi-
ation between wave frequencies;u-wave direction
angle; S (w)-energy spectrum of the wave. In this arti-
cle, the Bretschneider energy spectrum is used with
the following formula [2]:

1.25 wg

4 w>
where: Hy: is the average wave height (the average of
one -third of the height of the highest waves).

S(w) = HZ exp[-1.25(wo/w)*]  (2)

1.2. Ship Motion Model

Consider a ship with mass m, with dimensions
of length, width and height denoted L, B, H respec-
tively. The fixed GO (OXYZ) coordinate system is
attached to the earth. Coordinate system G1 (ONVW)
is attached to the ship; the coordinate origin is
at the center of gravity; the OX axis is along the
ship’s hull and points towards the bow of the ship;
and the OZ axis is perpendicular to the ship’s deck
surface (Figure 2). State variables when studying
ship motion include:[x, y, z, v, v, v\, $, 0,9, u, v, W]T
where: [x,y,z]"- The position of the ship’s center of
gravity is described in a coordinate system attached
to the earth;[v,, v, v, ]7-The velocity of the ship’s
center of gravity is described in a coordinate system
attached to the ship;[¢, 8,y]7-Euler angles describe
the rotation of the coordinate system axes attached to
the ship with the coordinate system axes attached to
the earth;[u, v, W]T-Rotational velocity in a fixed coor-
dinate system attached to the ship. The relationship
and identification of state variables are determined as
follows:

[x 7 2] =R[ v v w | 3)

where R is the number of rotations, determined
according to the expression below:

R= [A]3><x3 (4)

- \\ \‘\
=
« 'pitch B \\\“x

FPray

o ~  attached to ship
—— I\ <\ G(l}ch;\\\

AN

z A,/I

Fary
heave w

Figure 2. Ship models and coordinate systems

where: Ay = C(yY)C(6);
A, = C(¥)S(0)S(¢P) — C(P)SW);

A3 = S)S(P) + C(PICW)S(8); Azr = C(O)SW);
Az = C(P)C(P) + SW)S(O)S(d);

Azz = C(P)SW)S(O) — C(W)S(9); Asq

Azz = C(0)S(P); Asz =C(6)C(9); C

S = sin The velocity of the ship’s center of gravity is
determined as follows [2]:

—5(0);

A
= cos;
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(5)
where: C;:damping constant of velocity;p-density of
water; m: mass of the ship;

[¢ 6 v] =T[u v w] 6)

The transfer matrix T is defined as follows:

1 sin(¢p)tan() cos(¢p)tan(H)
T=]|0 cos(¢) —sin(¢) (7)
0 cos(¢)sec(8) cos(¢)sec(d)

The rotational acceleration in a fixed coordinate sys-
tem attached to the ship is determined as follows [2]:

i —Eu + E‘Eu
v | = ‘v + —1, (8)
. BIV Iil
w w
T u+ IWTW

where: By, B,, B,,-Torsional memory friction coeffi-
cient [N.s/m]; I,,, I,,, I,,-Moment of inertia of the ship
according to the pillars Ou, Ov, Ow of the coordinate
system attached to the ship; 7., T, T,, - Total external
force moment acting on the ship’s hull. In this article,
for simplicity we assume the ship is in the anchored
position, the propeller does not move, ignoring the
mass added to the ship, the force of the wind, and
the forces acting on the ship include the thrust of the
water (force hydrostatic force), gravity, Coriolis force
and centripetal inertial force. Therefore, the train’s
equation of motion in [2] can be written in a simple
form as follows:

MRB’“’ + (CRB + Dv)v =T (9)
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Figure 3. Block diagram of ship vibration regeneration
system

where:v=[x y 2z ¢ 6 ]T-velocity vector
of coordinate system G1 relative to coordinate sys-
tem GO; Myp- mass matrix and inertia tensor of the
ship; I;qis the ship’s inertial tensor with respect to
the G1 coordinate system; D,,- linear viscous friction
damping matrix; Crp- matrix with components due
to the Coriolis inertia force [14] and the ship’s radial
inertia force. The wave model and ship motion model
presented in this section have been used in the wave
simulation and ship simulation toolkit of the LINK-
SIC center at Linkoping University [7]. The simulation
process and results using this tool are presented in
section 4 of this article.

2. Buiding a Ship Vibration Reproduction
System

2.1. Block Diagram of Ship Vibration Reconstruction
System

Figure shows the block diagram of the ship
vibration signal reconstruction system. This system
includes two main components: the ship’s oscillating
actuator and the controller. The ship vibration regen-
eration system has the following working principle:
When the system’s input has ship vibration signals, the
system’s controller will rely on the input signal and
feedback signal to create the signals. The actuator con-
trol signal oscillates according to the input signals. In
this paper, we use ship vibration signals from the sim-
ulation toolkit of the LINK-SIC center with the input
information being position and Euler angles; The actu-
ator uses a 6-degree-of-freedom parallel robot model
(the Gough-Stewart platform) [1]; The controller uses
a PID controller. Solving kinematic problems of par-
allel robots and calculating and designing controllers
are presented in detail below.

2.2. Parallel Robot Inverse Kinematics Model

The robot’s kinematic diagram is shown in Figure
4. The fixed base and working stages of the robot are
respectively denoted B, P; the center of joints on base
B; and center of joints on link P; are denoted as By;, P;;
respectively (i = 1..6). The fixed coordinate system
0X,YyZ, is mounted at the center of the base By, the
00Z, axis points up, the X, axis passes through the
midpoint of the line connecting the two joints B;; and
Big. The coordinate system 0,X;Y;Z; is attached to
the center at point P;, with the 0;Z; axis pointing up,
and the 0,X; axis passing through the midpoint of
the line connecting P;; and P;4. The Stewart-Gough
type parallel robot has joints located on a fixed base
or working link B1 arranged in symmetrical pairs and
located on the same circle.

Figure 4. Parallel robot kinematic diagram

The angle between 0yB;; and OyB;3 is 120°, the
angle between Oy P;; and Oy P; 3 is 120°. Let the radius
of the circle created by the joints on surface B1 and
the radius of the circle created by the joints on surface
P1 be ry;, and 1y, respectively. The angle B;,0¢B;; is
01p- The angle P;1 0y P, ; is 01,. The angle between axis
00X, and vector aq; is &4, the angle between axis 0, X,
and vector by; is {;;. The distances from the center of
the base B1 and the joint P1 to their respective joint
centers are aq; and by; respectively. The lengths of the
legs are ly;,1 = 1, ., 6 respectively.

fi= i Q= 2= Ti=135
$1i = &1i-1 Y o1 G1i = G1im1 F O1p; 1=2,4,6
(10)
The center position of the joints in the corresponding
coordinate systems attached to the base and working
link is determined as follows:

Oay = [ rupcos(éy) mpsin(y) 0]

by = [ rpcos@) mpsin() 0]

The generalized coordinates of the robot in joint space
include the length variables of the 6 legs:

(11

qd1 :[ i1 bz bz hLa bs Le ]T = [lu’]T
(12)
The vector determines the position and direction of
the working stage:

T
p1=[x1 iz ar B V1] (13)

The rotation matrix from the 0; coordinate system to
the Oy coordinate system corresponding to the roll,
pitch, yaw angles y, 8, a is:

Ro1 = C3y3 (14)

where: C11= C(y1)C(B1); C21= C(B1)S(r1);
C31=—S(B1);  Ci2= C(y1)S(B1)S(a1) — C(a1)S(y1);
C22= C(y1)C(a1) + S(y1)S(B1)S(a1);

C32= C(B1)-S(1); C13= S(y1)S(a1) + C(a1)C(y1)S(B1);
C23= C(a1)S(y1)S(B1)—C(r1)S(ay);

C33= C(B1)C(aq1);C 2 cos; S = sin

The length vector of a robot leg is calculated as

follows: _ .
Ly =p1+ by —ay; (15)
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Figure 5. Control diagram of the ship vibration
regeneration system

Project the vector equations to the O, coordinate sys-
tem:

1;; = °py —%ay; +°by; = °py —%ay; +Roi My (16)
myp My My3 P1ix X1 — byix
Ol =| mar my my Py |+ | Y1~ buiy
mz; Mgz M3z3 P1iz 7y — by
My1P1ix T M12P1iy X1 — biix
= | Ma1P1ix + Ma2Priy |+ | Y1 — buiy
M31P1ix + M32P1iy z1 — by, an
17

Note above that py;, is 0. The length of one leg of the
robot is calculated as follows:

12, = x} +y% 4+ 22 4+ 2(my1byix + My2b1iy) (X1 — Aqix) H

+7”12p + 1 + 2(my1byjy + Myabyiy) (6 — Ay)+

+2(M31b1ix + M3zb1iy)z1 — 2(X10455 + }’1f11iy)(18)
Based on equations (17), (18), the leg lengths will be
calculated according to the variables in the working
space.

3. Controller Design

The basic goal of the controller for the ship vibra-
tion regeneration system is that based on the desired
trajectory of the working stage P; including position
and direction, it will be calculated into the correspond-
ing desired trajectory at the leg using inverse kinemat-
ics. Finally, a controller for each leg is used to control
the legs to follow that desired trajectory. In this way,
we get the fluctuations of the working stage following
the fluctuations.

MX)X +hX,X) =]'F (19)
Using the parallel robot dynamics model in [6] and
expressed in expression (19). In which: M(X) is the
inertia matrix; h(X, X) is a matrix consisting of nonlin-
ear components including Coriolis force [9, 10], cen-
tripetal force and gravity force; F = {F,F,, .., F6}T
force vectors of corresponding legs; ] is the Jacobian
matrix. To keep it simple, in this paper, we design a
simple PID controller with the input being the position
error and the error velocity, and the output being
the force vector on the pins. The control diagram of
the system is presented in Figure 5 This section will
present simulation content, including ocean wave and
ship vibration simulations.

Figure 6. Sequence of simulation step

(a) Waves come from the
bow of the ship

(b) Waves come from the
bow of the ship

Figure 7. Simulation results of level 6 waves and ships
on waves in 02 directions

Signals simulating ship vibrations will be input
into the vibration reconstruction system. The
sequence of steps will be illustrated in Figure 6 below.

3.1. Simulate Ocean Waves

In this ocean wave simulation, in order not to
lose generality as well as simulation volume, this arti-
cle conducts 02 simulations of level 6 waves of one-
dimensional wave type with wave model (1) and spec-
trum (2) according to 2 directions relative to the ship:
waves entering the ship’s bow 180° and waves per-
pendicular to the ship’s side 90°. Wave simulation
software of LINK-SIC center [7]. The wave simulation
results are presented in Figure 7.

3.2. Simulating Ship Vibrations

After receiving the wave simulation results, the
ship’s vibrations are simulated. The ship parame-
ters used are as follows: Vessel length (L)=137m;
Amount of water occupied (D) = 25.10°N; Ship width
(B)=15m; Ship height (H)=16m; Height of ship’s cen-
ter of gravity (Z;) = 2, 5m. Using the ship simulation
program of LINK-SIC [7] with the simulation condition
that the ship is anchored, the simulation results in Fig-
ure 8 are the oscillations of the ship’s center of gravity
corresponding to the wave directions. From the ship
vibration simulation results in Figure 8, we can see
the following points: 1) The X and Y parameters of
the ship’s center of gravity change small and follow a
linear form, true to react when there is impact wave; 2)
Z-parameter fluctuations are significant with ampli-
tudes up to 4m (wave level 6 has wave amplitudes up
to 6m); 3) Euler angles react with amplitudes less than
10 degrees. From these comments, when applied to
the ship vibration reconstruction system, we need to
process this signal because the Z-axis travel parame-
ters of the parallel robot are difficult to guarantee up to
6m and the parameters in terms of X and Y coordinates
can be equal to zero.
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Figure 8. Simulation results of ship vibrations on level 6
waves coming from the ship’s bow

Therefore, the input to the ship oscillator system
focuses on parameters along the Z-axis and Euler
angles.

3.3. Simulate the Oscillation Regeneration System

The Gough-Stewart 6-degree-of-freedom paral-
lel robot model in this article uses the parameters
of the eMotion-1500/2700-6DOF-650-MK1 parallel
robot from Bosch Rexroth. The basic parameters of the
eMotion-1500 parallel robot are as follows: Fixed base
(r; (m)=1,28; h; (m)= 0.172; 6; =120; 0;=8,6); Work
stage (r; (m)=0.931; h; (m)=0.152; 6; =120; 0;=20,6);
The mass of the robot moving part does not include
the load: 1755 kg; Maximum load: 1500 kg; Weight of
1 foot:140 kg; Journey of one leg:0,62m or Height of
working plane at lowest position:1,25m.

Matlab Multibody tool [13]. The input to the model
is the fluctuation at the ship’s center of gravity posi-
tion. These oscillations have been processed to match
the movements of the eMotion-1500 robot. This input
signal has been processed with ref index in Figures 13
to 16 below. PID controller parameters for oscillation
regeneration system K, = 5.10% K, = 2.104, K, =
4.103.

Figure 9. Simulation diagram of the vibration
regeneration system on Matlab/Simulink
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Figure 10. Graph reproducing the fluctuation center
position and the error of the ship’s when the wave go
straight in the ship’s bow

The simulation model of the ship’s vibration regen-
eration system using the eMotion-1500 parallel robot
with PID controller on Matlab software is presented in
Figure 9.

From the simulation model in Figure 9, , the oscil-
lation regeneration system is simulated with the fol-
lowing cases:

Case 1: Vibration of the ship with a level 6 unidirec-
tional wave coming from the ship’s bow Figure 7 a.
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Figure 11. Graph reproducing fluctuations Euler angles
and errors of ship when waves go straight in the ship’s
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The input signal of the Ship Vibration Regeneration
System in Figure 7 a has been processed into X and
Y channel signals into small oscillations, while the Z
channel is regulated for the maximum motion capabil-
ity of the eMotion-1500 parallel wave robot working
stage. Simulation results of position, Euler angle and
corresponding error of this case are presented in Fig-
ure 10 and Figure 11.

Case 2: Vibration of the ship with level 6 unidirec-
tional waves coming from the side of the ship (Figure 7
b). The input signal of the Ship Vibration Regeneration
System in Figure 7 b) is similarly processed as the X
and Y channel signals into small oscillations, while the
Z channel is regulated for the maximum movement
ability of the robot work stage eMotion-1500 wave.
The simulation results of this case are presented in
Figure 12 and Figure 13.

Evaluation: From the above two simulation cases, it
can be observed that the ship vibration regeneration
system designed above has created vibrations that
follow the input vibrations with small errors in both
position and direction. The error is small for position,
the error is less than 5 cm, while the error is less than
1 degree for waves with the largest wave height of 4-6
m, with a period of about 20-25. This is a large wave
level and is often the critical threshold for control and
stabilization systems installed on ships.
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Figure 12. Graph reproducing center position
fluctuation and error the ship’s when waves go straight
in the ship’s side
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4. Conclusion

The article has presented research on a one-
dimensional (long-crested) ocean wave model, a
model of ship motion and it’s oscillations on a given
wave background with two cases of waves traveling
from the ship’s bow (180 degrees) and waves hitting
the side of the ship (90 degrees) when the ship stands
at anchor, these studies used the LINK-SIC program
suite. The study of wave and vibration models plays
an important role in building a simulation model of
the Vibration Regeneration System with a 6-degree-
of-freedom Gough-Stewart parallel robot. The vibra-
tion reconstruction system model of the ship’s center
of gravity is obtained on Matlab/Simulink software
through the Matlab Multibody tool which processes
the input signal to suit the system and simulate the
system. The simulation results ensure the accuracy of
reproducing ship vibrations. From these results, the
article has solved the problem of reproducing ship
centerline oscillations as a basis for creating oscilla-
tions at any position of the ship, serving research on
other problems (e.g. installing weapon stabilization
systems, electro-optical sights, etc.). The results of this
research serve as a basis for performing vibration
reconstruction on a real robot system in step 1, step 2
(Figure 6) will be performed by actual measurements,
while step 3 will be demonstrated on a realistic 6-
degree-of-freedom Gough-Stewart parallel robot sys-
tem.
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