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Abstract: In order to improve the accessibility of offshore wind O&M gangway in complex sea
conditions, a control method for the controllable anti-rolling tank based on wavelet neural network
period prediction is proposed in this paper. Firstly, a model of ship motion with a controllable passive
anti-rolling tank was established. Then, the inverse kinematics of the gangway were carried out. In
order to analyze the influence of the anti-rolling tank on the accessibility of the on-board gangway,
an accessibility simulation of the gangway under different sea conditions was completed. Finally, a
hardware-in-the-loop simulation of the active compensation gangway system was carried out. The
simulation and test results show that the anti-rolling tank can effectively restrain the rolling motion
of the ship and significantly improve the accessibility of the on-board gangway.

Keywords: anti-rolling tank; wavelet neural network; gangway accessibility; hardware-in-the-loop
simulation; roll reduction

1. Introduction

With the gradual depletion of fossil fuel energy and environmental pollution and
other problems, countries are paying increasing attention to the development of renewable
energy. The proportion of offshore wind power projects is increasing year by year with
its rich resources, high utilization hours of power generation, no land occupation and
suitability for large-scale development [1,2]. Accordingly, the operation and maintenance
of offshore wind power equipment is also increasing.

Due to the particularity of the offshore wind power service industry, maintenance
technicians need to complete their work quickly and efficiently. However, due to the
interference of the marine environment, the ship will produce unexpected motion, of which
rolling has the greatest impact [3]. Excessive rolling will affect the staff and mechanical
performance, so it is necessary to design a special anti-rolling device to suppress rolling.
Researchers and engineers have designed and manufactured a variety of passive or active
anti-rolling devices to reduce ship rolling, such as a bilge keel [4], anti-rolling tanks [5],
moving weights [6], Magnus rotating roll stabilizers [7,8], and fin stabilizers [3,6,9]. The
rudder can also be used to reduce the roll of the ship while maintaining or changing the
course [10-13]. These anti-rolling devices have their own advantages and disadvantages,
but considering the application scenario of wind power operation and ship maintenance, in
order to achieve anti-rolling at full speed, an anti-rolling tank is selected as the anti-rolling
device to reduce ship rolling.

Zhang et al. improved the external structure of the anti-rolling tank by improving its
inherent parameters [14]. Wen et al. used the MPS method based on semi-implicit moving
particles to simulate the sloshing of an anti-rolling tank, and verified the applicability and
reliability of the MPS method [15]. Hu used the speed and passive tank for comprehensive
anti-rolling, and finally showed that the anti-rolling effect was obvious under this control
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mode [16]. Luo et al. used OpenFOAM to calculate the influence of grid size, tank damping
plate, and high tank liquid level on the natural period and damping parameters of a U-
shaped anti-rolling tank [17]. Rahul et al. used an optimization scheme based on a genetic
algorithm combined with the inherent parameter-solver of the fluid in the anti-rolling
tank to optimize the main dimensions of its design [18]. Liang et al. designed a passive
U-shaped anti-rolling tank with adjustable period, which showed that the tank period can
be matched with the rolling period of a semi-submersible ship by controlling the baffle, so
as to achieve the best anti-rolling effect of the tank [19]. Immink took the active anti-rolling
tank and the gangway on the ship as the main research objects and found that the motion
of the gangway on the ship was not affected by the active anti-rolling tank [20]. In view
of the limitation of the lack of systematic research in the past, a combination of modelling
analysis, simulation, and hardware-in-the-loop experiment is adopted to study the impact
of a controllable passive anti-rolling tank on the accessibility of the offshore wind O&M
gangway. Figure 1 shows the schematic diagram of an offshore wind power operation and
maintenance ship equipped with an anti-rolling tank approaching the wind turbine support
tower through the gangway. As shown in Figure 1, the ship may experience unexpected roll
motion due to the interference of waves. Due to the limitation of the anti-rolling capability,
the anti-rolling tank can only reduce a portion of the ship’s roll motion. By adjusting
the length of the telescopic and pitch rods installed on the gangway the remaining roll
motion can be compensated as much as possible to ensure that the expected position of
the end-effector remains unchanged. In this paper, the main research objective was to take
the offshore wind power operation and maintenance ship, U-shaped anti-rolling tank, and
gangway as the control objects, analyze and build a theoretical model of the system, and
study the impact of the anti-rolling tank on gangway accessibility through simulation and
semi-physical testing.
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Figure 1. Schematic diagram of the ship-tank-gangway system.

The structure of the paper is as follows. Section 2 establishes the mathematical model
of the ship motion with the anti-rolling tank and gangway. Sections 3 and 4 discuss and
analyze the impact of the anti-rolling tank on the accessibility of the offshore wind O&M
gangway through simulation and semi-physical testing. Finally, the conclusion is given.
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2. Mathematical Calculations
2.1. Ship Motion Model with Controllable Passive Anti-Rolling Tank

Figure 2 shows the structural parameters of the anti-rolling tank. According to Lloyd’s
theory, the motion equation of the passive anti-rolling tank can be expressed as follows [21]:
(Isa + 044) @ + baap + Ca4@ + A4z T + C4r T = Fuy 1)

Ar4 @ + Cra@ + AT+ berT+creT =0

where Fy4 represents wave interference moment; ¢, ¢ and ¢ represent the roll angle,
roll angular velocity, and roll angular acceleration, respectively; T, T and T represent the
tank level angle, angular velocity, and angular acceleration, respectively; 144 and ay4 are
the inertia moment and added inertia moment, respectively; bys and cy4 are damping
and restoring moment coefficients, respectively; a4r, car, ara and cry4 are the coupling
coefficients related to the inertia moment and restoring moment between ship rolling and
tank, respectively and a;r, brr and c;r are the coefficients related to roll inertia moment,
roll damping moment and roll restoring moment of the tank, respectively.
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Figure 2. Structural parameters of the anti-rolling tank.

The motion equation expressed by the relative displacement z in the tank is as follows:

{(144+ﬂ44)¢+b44§0+044([)+ Bz 4 Sz = Fuy @

Qg+ Cogp 4 Sz 4 brg Gy —

w

The controllable passive anti-rolling tank should control the opening and closing of
the air valve twice in each period of the ship to increase the fluid sloshing period in the
tank, and make it approximately equal to the roll motion period of the ship to provide the
maximum stable roll moment.

When the valve is opened, the air pressure in the chambers on both sides of the tank is
equal to the atmospheric pressure, so the work done is zero, that is,

dU =0 3)

When the valve is closed, the shaking of the liquid on both sides of the tank will cause
the gas in the chamber to compress or expand. This is a variable compression process. If
the relative displacement z = zj in the tank when the valve is closed, then

Plw,xt(z1 — |2])]" = Po[wrxi(z1 — |20])]" 4)

where P, Py, and z; are the incident hydrostatic pressure of the side tank datum plane,
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atmospheric pressure, and vertical distance from the datum plane of the side tank to the
valve, respectively. n is the index of the variable compression process.

According to Equation (4), the gas pressure of the side tank with the tank level rising
at any time is as follows:
(21 — |20 1"

P =P
0_21*|Z|_

©)

The gas pressure of the side tank at any time when the tank level drops is as follows:

-21 + ‘Zo|- "

P =P,
Oz + 2] |

(6)

Then, the pressure difference between the two sides of the tank is as follows:

n n
renilziE] R ”
21 + |2 z1 — |z
Therefore, when the air valve of the controllable passive anti-rolling tank is closed, the
work done by the pressure change of the side chamber on the fluid in the tank is as follows:

. z1 — |zo|1" z1 — |zo] 1"

where sign (-) is a sign function.
When the air valve is opened or closed, the work of the gas pressure in the side tank
of the tank is as follows:

) z1 — |zol1" z1 + |zo 1"

where V is the control function. V = 0 when the air value is open, V = 1 when the air value
is closed.

Then, the model of the ship with the controlled passive anti-rolling tank system can
be expressed as follows [22]:

(Iag + a4a)§ + baa + caap + 227+ Stz = Fyy
¢ 7 : ~ - (10)
Ara + Crap + Sz 4 bz 4 Gz — P050V51gn(zo){ [Zzlljrzo‘l] _ [Zzﬂﬂm } —0

2.2. Inverse Kinematics of Gangway

As shown in Figure 3, the function of the inverse kinematics of the gangway is to
solve the change of the length of the telescopic rod AL; and the change of the length of
the pitching rod AL, that keep the end effector of the gangway on the ship at the desired
position when the ship rolls under the excitation of sea waves.

In Figure 3, the coordinate of the desired position of the end effector Q(x;, ;) in the
moving coordinate system X'O'Y" is Q'(x}, y}), and the coordinate value of the point by
the coordinate system transformation is as follows:

xj, = xp - cos(—¢) + yp - sin(—¢) (11)

Yy = Yp - cos(—¢) — xp, - sin(—¢) (12)

The length of the gangway telescopic rod is defined as L}, and can be expressed
as follows:

1 =/ (= x0) 2+ () — ) (13)
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Figure 3. Gangway compensation ship rolling motion coordinate system.

When compensating for the motion of the hull, the AL; can be expressed as follows:

ALy = 15— Lyg =/ (¢ — x0)* + (v} — va)* — Luo (14)

According to the trigonometric function transformation relationship, when compensat-
ing for the ship’s motion, the slewing angle of the gangway is ., which can be expressed
by the following formula:

sin(02) = (v, — Ya)/ Ly (15)

When compensating for the hull motion, the length of the gangway pitch rod is defined
as L),. The relationship between the length of the gangway pitch rod L} and the gangway
rotation angle 6. is shown in Figure 4.

| | |
aAnn

Figure 4. Relationship between the length of the pitch rod and the rotation angle.

As shown in Figure 4, the length of the pitch rod is indicated by a solid line when
the gangway is not compensated for the ship motion, and the length of the pitch rod is
indicated by a dotted line when the ship motion is compensated. The initial included angle
between the gangway pitch rod and the vertical line of the pitch axis is 839. a5 is the vertical
distance from the pitch axis center to the static hinge point of the pitch rod, and a; is the
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distance from the pitch axis coordinate point to the dynamic hinge point of the pitch driver.
According to geometric relationship, 9 can be expressed as:

cos(B) = (a2 4a5 —13)/2-a; - ay (16)

Then the length of the pitch rod L} is as follows.

LIZ — \/a%—ka%—Z-al ) -COS(97_0+92c) (17)

Furthermore, when compensating for the hull motion, the length change of the gang-
way pitch rod AL, is as follows:

ALy =15 — Ly = \/a% +a2—2-ay-a; - cos(fy +arcsin[(y;) - ya)/\/(x;7 —x) + (v} —v))—Ln (18

2.3. Control of Air Valve

For the controllable passive anti-rolling tank, the method for selecting the control
signal of the feedback valve is more critical [22]. In order to compensate for the fact that
the actual tank fluid motion lags behind the ideal motion state due to the large inertia of
the fluid movement in the tank, the comprehensive weighted signal of ship roll angular
velocity and angular acceleration is introduced as the feedback control signal to control the
controllable passive anti-rolling tank. The air valve control signal is as follows:

B=¢+ap (19)

where S is the control signal and a is the weighted parameter.

If x(t) = ¢(t), the control signal can be expressed as:
B(t) = x(t) + ax(t) (20)

It can be seen from the above formula that the switch control signal is the linear
superposition of the ship’s roll angular acceleration and the ship’s roll angular velocity.
When the signal B changes, the air valve in the tank opens and the flow direction of the
liquid in the tank changes [23].

Suppose that the rolling motion of the ship in regular wave as follows:

@ = @o sin(w,t) (21)

where ¢ is the roll amplitude of the ship.
Substituting (21) into (20), the following equation can be obtained:

B=¢+ap = gowe\/ w2+ a?sin(w,t — €p) (22)

where ¢4 = arctan(a/w,) is the phase difference between the air valve control signal at the
switching time and the ship roll motion.

When the air valve control signal—p is used as the control input, the fluid movement
in the tank can be expressed as:

T = Tosin(—w,t + &g+ 6p) = Tosin(w,t —epg — by + 77) (23)

where 7 is the fluid motion amplitude in the tank and 6 is the phase lag caused by the
inertia of the fluid in the tank. It can be seen that when ¢4 + 6 = 77/2, the controllable
passive anti-rolling effect is the best.
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The time that the fluid in the tank flows from one side tank to the other side can be
approximately equal to half of the damped oscillation period of the fluid in the tank, and the
phase lag caused by the inertia of the fluid in the tank is estimated by the following formula:

WeTT

%= 50 24)

where wz, is the damped oscillation frequency of the fluid in the tank.

3. Simulation Analysis
3.1. Hydrodynamic Simulation
A wind power operation and ship maintenance are adopted here as the research

objects. The main parameters of the ship are shown in Table 1, where CG in Table 1 is the
abbreviation of centre of gravity.

Table 1. Parameters of the ship.

Description Value Unit

Displacement 3850 ton
Water length 125 m
Beam 13.8 m
Depth 7 m
Draft 4.33 m
Height of CG 5.6 m
Metacentric height 15 m
Roll period 9.38 s

According to the principal dimensions of the ship in Table 1, the width of the tank is
equal to about 80% of the beam of the ship to provide a large enough roll damping moment.
The principal dimensions of the anti-rolling tank are listed in Table 2.

Table 2. Parameters of the anti-rolling tank.

Description Value Unit
Height of tank 44 m
Width of tank 11.23 m
Depth of tank 5.85 m

Level angle of tank 0~18 deg
Width of liquid channel 8.8 m
Width of side tank 2.44 m
Tank level height 1.93 m
Distance between CG and 376 m
center line of liquid channel '

Tank period 9.38 s

Height of liquid channel 0.75 m
Air channel number 6 -

The dimensionless damping coefficient of the water tank 7; is obtained by simulating
the free and forced oscillatory motion of the fluid in the tank by Ansys Fluent, the cloud
diagram of free oscillation of fluid in the tank is shown in Figure 5.

The liquid level in the left tank is set to be 3.1 m, and the liquid level in the right tank
is 1.5 m. The free decay curve of the fluid in the water tank is simulated, as shown in
Figure 6. According to the free decay curve, the tank period T is about 8.975 s and the
dimensionless damping coefficient n; is 0.062.
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Figure 5. Cloud diagram of free oscillation of fluid in the tank.
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Figure 6. Free decay curve of the tank.

The designed controllable passive anti-rolling tank has six air channels. In order to
study the effect of the number of air channels on the tank period and damping coefficient,
free decay tests with different numbers of air channels are conducted. To facilitate the
presentation of the results, the free decay curves of 1 channel and 6 channels are given here,
as shown in Figure 7.

x 6
1.5 5<10

1 channel ---=-=6 channels|
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(=)

—15 [T T[T T[T r[rrrr[rrrr [T [T T[T rrr[rrrrrrrri
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Time(s)

Figure 7. Free decay curves with 1 channel and 6 channels.

It can be obtained that the natural period and dimensionless damping coefficient of the
tank are Tr1 = 9.108 s and 7,1 = 0.108, respectively, with 1 channel. The natural period and
dimensionless damping coefficient of the tank are T+ = 8.975 s and n¢ = 0.062, respectively,
with 6 channels. From the simulation results, it can be seen that the valve opening has an
impact on both the period and damping, but the degree of impact varies. Compared to the
period and damping of 1 channel, the period and damping of 6 channels have changed
by 1.46% and 42.59%, respectively. The simulation results show that the dimensionless
damping coefficient of the tank increases with the decrease of the air valve opening, but has
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little effect on the natural period of the tank. Compared to the tank period, the damping of
the tank is more sensitive to the opening of the gas channel.

The forced oscillation simulation with 1 channel and 6 channels were carried out, and
the forced oscillation curves are shown in Figure 8. The motion of the ship and the fluid
in the anti-rolling tank are somewhat similar to sinusoidal and cosine motions. From the
previous free decay simulation results, it can be seen that the damping of the anti-rolling
tank decreases with the increase of the air valve opening. When the amplitude of ship roll
motion is constant, the reduction of tank damping causes the liquid level in the side tanks
to reach a higher position. Due to the fact that the anti-rolling tank provides anti-rolling
force by the weight of the fluid in the side tank, the increase in liquid level in the side tank
also increases the stabilizing torque that the tank can provide, to a certain extent. Consistent
conclusions can be reached regarding the simulation results of forced oscillation and free
decay, which mutually confirm the effectiveness of the CFD simulation and enhance the
credibility of the results.

%108
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(3]
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Figure 8. Forced oscillation curves with 1 channel and 6 channels.

From the above analysis of the free decay motion and forced oscillation motion simu-
lation results of the fluid in the water tank with different air valve openings, it can be seen
that the damping of the tank can be adjusted by adjusting the opening of the air valve, so
as to improve the low-frequency anti-rolling phenomenon of the passive anti-rolling tank
and the saturation phenomenon of the fluid in the water tank during oscillation.

3.2. Roll Period Prediction Based on Wavelet Neural Network

In order to achieve the best anti-rolling effect, it is necessary to make the natural fre-
quency of the controllable passive anti-rolling tank equal to the ship’s encounter frequency.
A roll period prediction algorithm based on wavelet neural network is proposed.

The wavelet neural network is a multilayer feedforward network composed of input,
hidden, and output layers [24,25]. The structure is shown in Figure 9, where X3, X», ...,
Xj, are the input values; w;; and wjy respectively represent the weights from the input layer
to the hidden layer, and from the hidden layer to the output layer; Y7, Y, ..., Y, are the
output values; a} and a? are expansion factors of wavelet hidden layer and output layer

basis function, respectively; and Z} and Z? represent the prediction inputs of the hidden

layer and the output layer, respectively.
The wavelet basis function used in this paper is adopted as:

h= cos(1.75x)e*"2/2 (25)

The input of the hidden layer and output layer of the wavelet neural network can be
calculated as:
i w,‘jx,' - b]1
Zb=h|2p>| j=1,2,---,1 (26)

] a;
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Input layer Hidden layer  Output layer
Figure 9. Structure of wavelet neural network.
k
¥ wjpz} — B
Z=h|ZF——| k=12, ,m 27)

2
“k

where b]1 and b? are expansion factors of the wavelet hidden layer and output layer basis
function, respectively.

Define the error of the kth neuron of the output layer as ¢, and the total error of the
neural network as E, then we can get:

e = % (Yk - Z%)z (28)
E=Y ¢ (29)

The wavelet neural network uses the gradient method to modify the weights, transla-
tion factors, and expansion factors. The change of the weight from the hidden layer to the
output layer and the change of the translation factor and expansion factor of the output
layer can be calculated as:

oE

Awje = —77@ (30)
OE

Adg = 1> (31)
aa%
oE

Abg = 1= (32)
ob?

The change of the weight from the input layer to the hidden layer and the change of
the translation factor and expansion factor of the hidden layer can be calculated as:

oE
Awjj = —1 2w; (33)
oE
Aat = —p— 34
a i aal (34)
oE
AV = —p— 35
] ’73”11 ( )

Therefore, the weights, translation factors, and expansion factors can be updated as:
wjj = wjj + A(UZ']‘ (36)
Wik = Wik + Awijk (37)

1_ .1 1
aj =a; + Aaj (38)
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a% = a% + Au% (39)
1_ 41 1

bj = bj + Ab; (40)

bZ = b} + Ab? (41)

The establishment of a wavelet neural network model mainly depends on the following
two aspects: selecting the number of network layers and determining the number of neuron
nodes in each layer. Since the proposed roll period prediction model based on a wavelet
neural network is mainly used to predict the next roll period, the number of output nodes
is selected as 1. In order to improve the prediction accuracy and reduce the training time,
the number of nodes in the input layer is selected as 5. The node number of the hidden
layer is determined as 15, according to the experience.

By simulating the ship’s rolling motion under irregular waves, a series of time se-
quences of the ship’s rolling zero-crossing point is obtained. The roll period data can be
extracted from the simulation results. The first 90% of the data is used as training samples,
and the remaining 10% is used as testing data. The weight matrix w;; and wj obtained
through data training are as follows:

[ 0.3700 T 29207 —0.2664 1.1241 —0.3286 —1.0107]
0.2437 09274 —1.6937 —0.3820 —0.7373 0.1036
1.4810 34899 13775 13275 —2.8930 —0.5059
—0.8048 —~1.1073  0.6488 —1.0959 —0.3198 —0.7636
—0.9134 —24833 05440 13671 05518  1.9224
0.4552 —~05603 —1.0031 0.9527 —2.7748 0.8032
—0.7670 11916  —4.001 —1.2002 —2.3905 —1.0411

wij= | 02675 |, wjy = |-04973 -23947 13754 —1.3303 1.1087 (42)

0.2528 33389 —0.4297 05730 13572  2.6465
1.0859 ~2.1497 —0.7114 —02894 0.1707 —0.0897
—0.6972 —02956 —0.8925 0.1395  0.8409  0.0063
0.6493 —~1.1984 —1.0475 —0.7609 0.1097 —0.7109
—0.8433 —0.7383 —0.8649 0.0499 09869 —0.6066
—0.2499 07588 —2.2459 2.6787 —0.2028 —0.0704

| —0.3904] | 12754 19865 23609 —0.8848 0.9764 |

The comparison between the predicted rolling period of the wavelet neural network
and the actual rolling period of the ship is shown in Figure 10. It can be seen from Figure 10
that the rolling period prediction algorithm based on WNN can predict the ship’s rolling
period relatively accurately.

3.3. Impact of Anti-Rolling Tank on Gangway Accessibility

Based on the dimensions of the on-board gangway, a scaled model of the gangway was
made. The telescoping and pitching motions of the gangway model have their respective
motion ranges due to the limitations of the mechanical structure, as shown in Table 3.

Table 3. Limitations of the gangway model.

Description Symbol Limitation Unit

Length variation of telescopic rod ALy 0~50 mm
Speed of telescopic rod vy +17 mm/s
Length variation of pitch rod ALy 0~50 mm

Speed of pitch rod v +17 mm/s
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Figure 10. Comparison between predicted results and actual results of rolling period.

The gangway can compensate for a portion of the roll motion by adjusting the length
of the telescopic rod and pitch rod. From the relationship between the gangway rods
and the ship’s roll motion, the ship’s rolling limit corresponding to the gangway me-
chanical can be obtained. The roll angle and angular velocity limits are 4.7 deg and
0.055 rad/s, respectively.

In order to analyze the impact of the anti-rolling tank on gangway accessibility, the
ship’s rolling motion under different conditions is simulated and analyzed. The P-M
spectrum with one parameter of the significant wave height is adopted here to simulate
the wave disturbance. Considering the working scenario of the wind power operation
and ship maintenance, without losing generality, the simulation conditions are set to the
significant wave height of 2.5 m, corresponding to sea state 4. The speed is set to 0 kn. The
simulation results of the ship’s roll angle, roll angular velocity, and tank level angle are
shown in Figures 11-13, respectively. The C-passive tank in the legend of Figures 11-13
represents a controllable passive anti-rolling tank.

The maximum roll response of the ship under random wave excitation is shown in
Table 4. It can be seen from Figures 11-13 and Table 4 that under the same wave interference,
the ship without an anti-rolling tank has the maximum roll amplitude. The controllable
passive anti-rolling tank can constrain the flow of fluid inside the tank through air valves,
making its anti-rolling effect superior to the passive anti-rolling tank. The tank liquid level
does not exceed the limit of the maximum tank fluid angle in the event that the ship is
equipped with a passive anti-rolling tank and a controllable passive anti-rolling tank.

I- - - No tank ------Passive tank:

C-passive tank ]

6
4
2
0

Roll angle(deg)

_6 I L l L ] L l L [ UL l L l L l L l L l L I
0 20 40 60 80 100 120 140 160 180 200
Time(s)

Figure 11. Roll angle of no tank, passive anti-rolling tank, and controllable passive anti-rolling tank.
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Figure 12. Roll angular velocity of no tank, passive anti-rolling tank, and controllable passive
anti-rolling tank.
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Figure 13. Tank level angle of passive anti-rolling tank and controllable passive anti-rolling tank.

Table 4. Maximum roll response data.

Roll Angle (°)

Roll Rate (rad/s)

Tank Level Angle (°)

No tank —5.15~5.02 —0.05777~0.05619 -
Passive anti-rolling tank —3.00~3.85 —0.03945~0.03889 —7.07~7.91
Controllable passive ~2.14~235 ~0.02798~0.02915 —6.00~5.44

anti-rolling tank

When the gangway is overlapped with wind power piles under the condition of a
significant wave height of 2.5 m, the probability that the roll angle and roll angular velocity
of the ship exceed the movement range of the gangway on the ship when the ship is
equipped with no tank, a passive anti-rolling tank, or a controllable passive anti-rolling
tank is calculated as shown in Figure 14.

6

5.35
—_ Roll angle B Rroll angular velocity
= 4.83
Z 5
£
2 1
=10
x|
2 3
5
2 2
£ 1
£ 0.12 0.06 0 0
O —
No tank Passive tank Controllable passive tank

Figure 14. Probability of ship’s roll angle and roll angular velocity exceeding the limit.
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It can be seen from Figure 14 that under significant wave heights of 2.5 m, the proba-
bility that the roll angle and roll angular velocity of the ship equipped with an anti-rolling
tank exceed the gangway movement limit on the ship is greatly reduced compared with the
ship without an anti-rolling tank, and the probability of exceeding the limit is significantly
reduced when the ship is equipped with a controllable passive anti-rolling tank.

4. Hardware-in-the-Loop Simulation
4.1. Control Architecture

The hardware-in-the-loop (HIL) simulation is used to verify the results. Six 750 W AC
servo motors are used to drive the 6-DOF motion platform to simulate the hull movement.
The picture of the 6-DOF motion platform is shown in Figure 15.

Figure 15. 6-DOF motion platform.

The control architecture of the hardware-in-the-loop simulation system is shown in
Figure 16. The dashed box shows the real-time kernel running in the controller. The
controller is connected to the servo driver of the 6-DOF motion platform through the Ether
CAT bus, and connected to the gangway micro servo driver through the peripheral I/O
module. The touch screen is selected as the development or expansion of the human-—
machine interface. The controller adopts Beckhoff’s industrial PC, and Beckhoff’s Twincat3
software supports the integration of MATLAB/Simulink; therefore, the Simulink model can
be directly encapsulated and transplanted to the Twincat3 software platform for execution
without intermediate secondary development. The real-time model of the ship with anti-
rolling tank is built by the computer, and then integrated into the Twincat3 software
platform. It forms a closed-loop system with the 6-DOF motion platform, attitude sensor,
and gangway on the ship. In this way, the response time of the simulation program is
consistent with the actual time, forming a real-time control system.

4.2. HIL Simulation Results

When the gangway end-effector is in the desired position, AL; and AL; are 25 mm
and 24 mm, respectively. The HIL simulation results of the command length and speed of
gangway telescopic rod and pitch rod under the condition of a significant wave height of
2.5 m and ship speed of 0 kn are shown in Figures 17-20.
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Figure 16. Control Diagram of the hardware-in-the-loop simulation system.
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Figure 17. Command length of gangway telescopic rod and pitch rod when the ship is equipped

with passive anti-rolling tank.
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passive anti-rolling tank.
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Figure 19. Command length of gangway telescopic rod and pitch rod when the ship is equipped
with controllable passive anti-rolling tank.
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Figure 20. Command speed of gangway telescopic rod and pitch rod when the ship is equipped with
controllable passive anti-rolling tank.

It can be seen from the HIL simulation results that the length and speed of the tele-
scopic rod of the gangway exceed the motion limit because the roll amplitude and angular
velocity of the ship exceed the motion limit in some roll periods when the ship is with no
tank. However, when the ship is equipped with a passive anti-rolling tank or controllable
passive anti-rolling tank, the active gangway compensation for ship motion is more ideal,
and the length and speed of the telescopic rod and pitch rod are within the limit range.

Based on the gangway kinematic model established in Section 2, the end-effector
trajectories with and without compensated ship motion over the gangway are simulated
under random waves with a significant wave height of 2.5 m. The simulation results are
shown in Figures 21-23. The hollow points in Figures 21-23 show the position trajectories
of the gangway end-effector when the gangway compensation function is not enabled and
only under the action of the passive anti-rolling tank and controllable passive anti-rolling
tank, respectively. The solid points in Figures 21-23 show the position trajectories of the
gangway end-effector under the combined action of the passive anti roll tank, controllable
passive anti roll tank, and gangway compensation, respectively.

It can be seen from the HIL simulation results, the effect of the gangway on compensat-
ing the ship roll motion is poor. When the ship is equipped with a passive anti-rolling tank
or a controllable anti-rolling tank, the gangway is ideal to compensate for the ship’s motion.
The compensation effect of a ship equipped with a controllable passive anti-rolling tank is
better than that of a ship equipped with a passive anti-rolling tank. The HIL simulation
results are consistent with the results in Section 3. It can be seen that the ship that is
equipped with a controllable passive anti-rolling tank improves the accessibility of the
gangway and ensures the safety of maintenance technicians.
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Figure 21. Comparison between uncompensated and compensated end effector trajectory when the
ship is not equipped with an anti-rolling tank.
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Figure 22. Comparison between uncompensated and compensated end effector trajectories when the
ship is equipped with a passive anti-rolling tank.
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Figure 23. Comparison between uncompensated and compensated end effector trajectories when the
ship is equipped with a controllable passive anti-rolling tank.

5. Conclusions

In this paper, the impact of an anti-rolling tank on accessibility of an offshore O&M
gangway was investigated. The model of a ship’s roll motion when coupled with a
controllable passive anti-rolling tank is established, and the control method for the air valve
is discussed. Taking a wind power operation and maintenance ship as the research object,
a controllable passive anti-rolling tank with six air-valve channels was designed. The
designed water tank was studied and analyzed by using the computational fluid dynamics
software Ansys Fluent. In order to achieve better roll reduction effect, a period prediction
algorithm based on wavelet neural network was proposed to predict the roll period of
the target ship. The simulation results show that the proposed prediction algorithm can
relatively accurately predict the roll period of the ship. On this basis, combined with
the analysis of the motion of the on-board gangway, the impact of the anti-rolling tank
on the gangway accessibility is discussed through simulation research. The simulation
results show that the accessibility of the on-board gangway significantly improves when
the ship is equipped with a controllable passive anti-rolling tank. Finally, the hardware-
in-the-loop simulation of the active compensation gangway system was carried out. The
simulation and test results show that the anti-rolling tank can effectively restrain the rolling
motion of the ship, significantly improve gangway accessibility, and ensure the safety of
maintenance technicians.
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