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Abstract In the field of offshore engineering, the transverse rocking motion of ships in bad sea conditions seriously
affects navigation safety and operation efficiency. The double gyroscope rocking reduction device provides a new
idea for solving the ship stability problem under complex sea state by canceling the adverse effects of each other.
In this paper, the optimization design method of double gyro rocking reduction device based on nonlinear dynamics
equations is established for the transverse rocking problem of ships under complex sea conditions. Torsethaugen
wave spectrum is used to simulate irregular wave conditions, a joint ship-gyro dynamic model is constructed, and a
PD inlet controller based on transverse rocking angle feedback is designed. The damping coefficients of the rocking
reduction gyro are optimized by genetic algorithm, and the fitness function with the rocking reduction efficiency and
the degree of vibration shaking of the inlet damping as the objectives is established. The simulation results show
that the optimized dual gyro shaking reduction system achieves a shaking reduction performance of about 90%
under one-level wave conditions, which is improved to 80% compared with 72.22% before optimization. The multi-
objective optimization increases the rocking reduction effect from 71.46% to 75.34%, and the rotor mass decreases
from 2526 kg to 2165 kg. Adams dynamics simulation verifies that the device has a good rocking reduction effect in
level 1-3 waves, but the rocking increase phenomenon may occur in high level waves. This study provides a
theoretical basis and design method for the engineering application of double gyro rocking reduction device under
complex sea conditions.

Index Terms Double gyro rocking reduction device, nonlinear dynamics, genetic algorithm, rocking reduction
efficiency, inlet damping, multi-objective optimization

. Introduction

For more than a hundred years, people have been devoted to the research of slowing down the ship's sway.
Countries around the world have successively developed nearly one hundred different forms of rocking reduction
devices, but at present, only rocking reduction tanks, bilge keels and rocking reduction fins are widely used, among
which the rocking reduction fins are the monopoly, which have the best rocking reduction effect [1], [2].

In the process of sailing and working at sea, the ship will be affected by various factors such as waves, sea breeze
and sea current, so the ship will produce various kinds of rocking such as transverse rocking, longitudinal rocking,
transverse swinging, longitudinal swinging and so on [3]-[5]. The above irregular and violent swaying will seriously
affect the safe navigation of the ship, the comfort of the passengers, and the normal work of various machines and
equipments on board [6], [7]. Especially for military ships, the rocking of ships at sea can affect the normal takeoff,
safe navigation and landing of airplanes [8], [9]. Therefore, tests and researches on ship rocking reduction have
been the main work of technicians in the field of ships [10]. After years of research, it is found that the most widely
used ship rocking reduction devices include the following, bilge keel, rocking reduction tank, rudder rocking
reduction, rocking reduction fins, and integrated rocking reduction devices [11], [12]. However, in complex sea
conditions, these rocking reduction devices will also meet various factors that affect the normal driving of the ship,
so the optimized design of screw rocking reduction devices is of great significance for the safe driving of the ship in
complex sea conditions [13]-[15].

In this study, an optimization design method of double gyro rocking reduction device based on nonlinear dynamics
equations is proposed. Firstly, a ship-double gyro joint dynamics model considering nonlinear factors is established,
and the irregular wave environment is accurately simulated using Torsethaugen wave spectrum. Then a PD
approach controller based on transverse rocking angle feedback is designed to realize the accurate control of gyro
approach. Finally, multi-objective optimization of the key parameters of the wave reduction gyro is carried out by
genetic algorithm, which improves the wave reduction efficiency and reduces the quality and energy consumption
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of the system at the same time. The validity of the proposed method is verified by Adams dynamics simulation and
numerical calculation, which provides theoretical support and technical guidance for the engineering application of
the dual gyro rocking reduction device.

Il. Mathematical modeling

Il. A.Gyro Decompression Device

The gyroscopic shock absorbing device can be divided into passive and active gyro stabilizers of 2 kinds. Passive
gyro stabilizers are natural feed type, active gyro stabilizers are controller driven feed type. 2 ways of gyro stabilizers
schematic shown in Figure 1.
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Figure 1: Schematic diagrams of two types of gyroscopic stabilizers

There are a number of problems with using only 1 gyro stabilizer to generate a transverse rocking motion to
counteract torque. When the flywheel rotates around the inlet shaft, the direction of the gyro gimbal shaft changes,
resulting in a change in the direction of the output torque of the gyro stabilizers, which generates unwanted torque
and may lead to unwanted yawing or pitching motions of the ship [16]. To address this problem, the overall
arrangement of the dual gyro stabilizers is shown in Fig. @ 2 gyroscopic sway-reducing devices as 1 working group,
with rotor speeds of equal magnitude and opposite direction, and rotor feeds of equal magnitude and opposite
direction. This ensures that all torques generated in undesired directions will cancel each other out.
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Figure 2: Overall layout of the dual gyroscope stabilizer

Il. B.Dynamic modeling of a single gyro decoupling device
Before modeling the dynamics, a coordinate system is established. Let the carrier coordinate system or called the
base coordinate system O- ¢ of a single-frame control moment gyro be set up, with point O as the coordinate

origin. Once the gyro decoupling stabilizer is installed on the ship, the ship becomes the base of the gyro stabilizer.
The base coordinate system O-¢£7¢ rotates around the O axis « at an angle for the frame coordinate system O-

xyz. The frame coordinate system O-xyz rotates around the Oz axis ¢ at an angle for the rotor coordinate system
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O-x,yrzg - The Oz axis is the rotor rotational axis, and the coordinate system O- xyz is used as the main axis

coordinate system which is not involved in the rotor rotation. The linearized equation of motion of the gyro stabilizer
with respect to the frame coordinate system O-xyz is expressed as:

M, =loa
M, =Ja-Iopcosa (1
M,=0

where, M,,M, and M, are the gyroscopic moments around the corresponding axes, N-m . o, is the

rotational speed of the gyro wheel, r/s. « is the angle of advance, rad. J is the moment of inertia about the oy
axis, kg-m?. I, is the polar moment of inertia of the gyro stabilizer, kg:-m?. ¢ is the angle of movement of the base
with respect to the axis O &, i.e., the ship's transverse rocking angle, rad.

Il. C.Joint ship and gyro dynamics model with dual gyro stabilizers

The nonlinear transverse rocking motion of a ship in waves is modeled, and the coupling effects of the ship's
longitudinal rocking and first rocking motions as well as the transverse, longitudinal, and vertical rocking motions on
the ship's transverse rocking are neglected:

(Ing+ Agy)p+ Byud+Cpp =1, (2)
where, parameter [,, is the ship's transverse moment of inertia. The parameter 4,, is the additional mass
moment of inertia, kg-m?.  B,, is the transverse rocking damping kg:-m*s-'. C,, is the transverse rocking restoring
moment, N-m. The source term 7, is the wave-generated transverse rocking moment, N-m.

Combining Eq. (1) and Eq. (2), the joint ship and gyro dynamics model for the dual gyro stabilizer is:
(Iyy + Ay)p+ Byydp+Cyyp =1, —nl w0 cosa

©)

Lia+B,a+Cysina = ILogcosa+r,
where I, is the polar moment of inertia of the gyro stabilizer, kg-m?. I, is the transverse moment of inertia, kg-m?.

B, is the gyro damping, kg'm?-s. C, is the gyro restoring moment, N'm. e, is the rotational speed, r/s. The
source term 7, is the control moment generated by the gyro-stabilizer, N-m. For a dual gyro-stabilizer n=2,
K, = 1,0, is the angular momentum generated by the gyro-deceleration device at the spin axis, kg:-m* s,

If the incoming angular amplitude of the gyroscope |« | is small, Eq. (3) can be further linearized and expressed
in state-space form:

X = Ax+ Bw+ Byu, x = (padcr)" (4)
0 0 1 0 0 0
0 0 0 1 0 0
Cus By 2o 0 0
A= - B, = B, = 5
Tyq + Ay Ly + Ay Ly+Ay | 1 1o ®)
7 A A N e
I I I 0 I

After establishing a joint ship and gyro dynamics model with dual gyro stabilizers, a gyro stabilizer PD inlet

controller based on transverse rocking angle feedback is designed:
Tp = _Kp¢_Kd¢.5 (6)

where, K, represents the proportional controller coefficients. K, represents the differential controller coefficients.
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Fn
Il. D.Wave force model

The modeling approach for wave disturbance effects in this paper uses a linear state space model. This approach
is used in the control system mainly for testing system robustness and closed-loop control system performance
analysis. Before calculating the irregular wave force and the ship motion response under irregular wave action, the
wave spectrum S(w) is determined. In this paper, the Torsethaugen wave spectrum is used to model irregular
wave conditions.

In this model, the sea state is categorized into 2 types depending on the origin of the highest spectral peak, and
the spectrum has 1 peak or 2 peaks, depending on the value of the peak period T, [17]. The distinction between

wind-dominated and swell-dominated (fully developed waves) sea states is defined by the value of Tr:
T,=a,H/” a,=66 7)

If T,<T, ,awind-dominated sea state. If T, >T, , the main spectral peak corresponds to a surge-dominated
sea state system. If the value of 7, is in the neighborhood of 7, , 2 spectral peaks are generated.
Based on the magnitude of the effect of the 2 spectra, the Torsethauger spectrum is calculated as follows:

2
1 2
S(@) =3 E;S, (@) E; = HT,
j=1

(8)

)

-050%072

S(@) = Gyd 0™ ey .S, (@) = Gy e

The RAO is approximated by combining the linear ship's equations of motion as the adjustable gain
K=~H, (s)H, (s): where H, (s) is the transfer function for the conversion of wave amplitude to wave-induced
force, and H (s) is the transfer function for the conversion of force to displacement, which is specifically treated
as follows The gain adjustment is based on the final displacement 7w = KH(s)w(s) being within a practically
acceptable range, w(s) is Gaussian white noise, and H(s) is the wave spectrum fitting transfer function. The

second-order damped transfer function H(s) that fits the wave spectrum function is as follows:

ros

H(s) = 2Awy0s ©)

2 2
87+ 24wy + &y

where, 1 is the damping coefficient. @, is the main frequency of the wave, s71, which is the peak frequency.

The o is a constant representing the wave energy.
Transform Eq. (9) into equation of state form:

wow

T (10)

{xw =A,x,+B,w

To wit:

iwl 0 1 Xl 0
= + w
wa _wg —AC()O X2 Kw
Xyl
, =0 1
wolo |

where x, is the equation of state and x,, is the first order derivative of x,,. y, isthe output. w is zero-mean

T
w

(11)

white noise. 4,, is the state matrix. B,, is the control matrix. ¢, is the observation matrix.

Il. E. Simulation and Analysis

On the basis of SolidWorks 3D modeling, the assembly is saved as parasolid (*.x_t) format and imported into
Adams.Adams software uses an interactive graphic environment and part libraries, constraint libraries, and force
libraries to create a fully parametric geometric model of the mechanical system, and its solver adopts the Lagrangian
equations method in the dynamics theory of the multi-rigid-body system to build the The system dynamics equations
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are used to analyze the virtual mechanical system statically, kinematically and dynamically, and output the
displacement, velocity, acceleration and reaction force curves.

The wave model can be divided into two-dimensional long peaked wave stochastic wave model and three-
dimensional irregular short peaked wave stochastic wave model. Two-dimensional long-crested random waves,
also known as binary irregular waves or long-crested waves, are waves that propagate in a definite direction with
peaks and troughs parallel to each other and perpendicular to the direction of wave advancement. Three-
dimensional irregular short-peaked random waves are waves generated by wind excitation, and due to the
randomness of the wind direction, their waves will not only propagate in one direction, but also propagate in other
directions, thus forming a mound of varying sizes on the surface of the sea, which is also referred to as ternary
irregular waves or short-peaked waves. In this paper, binary irregular wave simulation is used to study the dynamic
characteristics of ships in random waves. The long wind waveform can be approximated as a sine function image
form. The sine function A*sin(Bd*time) is used to simulate the period and size of the wave, where A refers to the
amplitude of the wave, and B refers to the distance moved by the wave per unit time on the x-axis, i.e., the period.
Waves at sea are actually irregular, they consist of a variety of waves with different wavelengths, wave heights and
steepness. Observed statistics show that: 1/10 of the wave height is twice the average wave height, which is called
the maximum wave height (hw/10). 1/3 of the wave height is 1.6 times the average wave height, which is called the
trinity average wave height or meaningful wave height (hw/3). The wave heights that people visually observe at sea
are very close to the meaningful wave heights. In order to make the simulation more convenient and targeted, in
order to simulate the waves more accurately and conveniently, this paper takes the meaningful wave height to
simulate different levels of waves. In the case of 0 r/min and 8000 r/min rotor speed of the gyro decoupling system
respectively, the Adams dynamics simulation is carried out for different levels of waves, and the simulation time is
set to 10 s, and the number of simulation steps is set to 5000. The simulation results of the waves of level 1~3 are
shown in Figs. 3~5, respectively (Figs. a and b are the simulation results of the waves of level 0 r/min and 8000
r/min, respectively). According to the simulation results, it can be seen that: when the wave level is less than three,
the marine gyroscope designed in this paper has a very good function of transverse rocking reduction, and the
rocking reduction performance can even reach about 90% in the first level of waves. Marine gyroscope anti-
transverse rocking ability and rotor position relative to the rotor axis, that is, and the rotational inertia. The gyro rotor
in this test has a small mass, so the rocking reduction ability is limited, and when a larger rotor is used, the rocking
reduction ability will be enhanced. At the same time, the factors affecting the rotation speed of the rotor can be
reduced and the rotation speed of the rotor can be increased, for example, the gyro rotor can be made to rotate in
a vacuum-enclosed environment, which can increase the rotor speed by more than two times, the weight can be
reduced by one-third, and the power consumption is only one-half of the past. According to the simulation results,
two obvious weaknesses of this test device can be found: 1) the moment of opening the rocking reduction device,
it will cause an effect similar to the rapid shaking of the ship; 2) when the wave level is too large, the gyro rocking
reduction device not only does not reduce the rocking, but even enhances the ship's transverse rocking. For this
phenomenon, a controller can be added to the rocking reduction system to control the gyro-rocking reduction device,
so that it can realize the active control of the movement when it is subjected to external moments, thus reducing the

rocking.
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Figure 3: First level wave simulation results
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Figure 4: Secondary wave simulation results
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Figure 5: Three level wave simulation results

lll. Optimization method of damping parameter of decoupling gyroscope based on
genetic algorithm

According to the shaking gyro dynamics model, when the feed angle reaches 90 °, the output shaking moment is 0,
at this time, the shaking effect of the gyro disappears, that is, it enters the singular state, therefore, in the actual
engineering applications, generally through the mechanical limit will be shaking the gyro's feed angle is limited to +
70 ° or less, and at the same time, in the direction of the gyro's feed axis to apply damping moment in order to
prevent the gyro energy premature exhaustion. In addition, different sea state, ship structure and gyro structure will
lead to changes in the gyro's inlet characteristics, which makes it difficult to achieve the best rocking reduction effect.
Therefore, based on different application scenarios, it is necessary to optimize the passive control parameters of
the rocking reduction gyro, taking into account the specific parameters of the ship and the gyro's angular momentum
and other constraints. Commonly used optimization algorithms include ant colony algorithm, genetic algorithm,
particle swarm algorithm, etc. In this paper, we will use genetic algorithm to optimize the damping coefficient of the
rocking reduction gyro.

lll. A. Genetic algorithms

First, the damping coefficient-decoupling efficiency relationship is established under different sea states. Then, the
evolutionary operations such as selection, crossover and mutation are used to continuously optimize the feed
damping coefficient, and the optimal solution is finally derived. The optimization flow of the rocking reduction gyro
advance control based on genetic algorithm is shown in Fig. 6.
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Figure 6: Optimization process of the genetic algorithm

lll. B. Adaptation function design
In practical engineering applications, the statistical value of the transverse rocking angle sequence over a period of
time is generally used as a parameter to measure the intensity of the ship's transverse rocking, which is defined as
the mean value of the first 1/3 of the data in the descending order of the transverse rocking angle sequence. In this
paper, a nonlinear transverse rocking-deceleration gyro joint dynamics model of the ship is constructed by
Matlab/Simulink, and due to the existence of nonlinear terms in the system, it is necessary to use the fourth-order
Runge-Kutta method to find the numerical solution, so as to get the sequence of transverse rocking angles of the
ship within the set interval, and then compute the transverse rocking angle trinity value. The core content of the
genetic algorithm is the design of the fitness function [18]. In this paper, the choice of damping coefficient of the
rocking reduction gyro is a contradictory problem, if the damping coefficient is small, the rocking reduction efficiency
is high, but it is easy to cause the jittering of the inlet damping system, and ultimately it is impossible to realize the
precise control. If the damping coefficient is large, although the vibration of the inlet damping system can disappear,
it will affect the shaking reduction efficiency, so how to balance between the shaking reduction efficiency and the
vibration of the inlet system is the key problem to be solved in this paper.

When measuring the feed angle sequence, the signal spectrum Sz(w) can be obtained by Fast Fourier

Transform, and then the area of the envelope of the high-frequency component curve 4, is utilized to measure

the degree of vibration jittering of the feed damping system.

According to the working principle of shaking reduction gyro, the shaking reduction efficiency is highest when its
inlet frequency is consistent with the ship's transverse rocking frequency. The ship's transverse rocking frequency
depends on the waves and its intrinsic transverse rocking frequency, which is usually lower than 1Hz, so this paper
sets the high-frequency component frequency interval [f;,f,]1=1~5Hz, and takes the sampling frequency f,
=100Hz, so that the envelope area of the high-frequency component curve is:

Ju
Ay =LL Sy(@)dw (12)

where f,,f, are the lower and upper frequency limits of the high-frequency component, respectively.
The shaking reduction efficiency 7, is calculated as:

My =%x100% (13)
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where %,@ are the trinity values of the ship's transverse rocking after the rocking reduction is turned off and on,

respectively.

The two optimization objectives of this paper are 1) the highest rocking reduction efficiency, and 2) the smallest
vibration shaking degree of the inlet damping, whose weight coefficients are ¢, and «,, respectively. Based on
the optimization objective function, the genetic algorithm fitness function is described as follows:

(L +J )8y + iy +esdy +kspy = Dha(t)
(L +J . )8p +1p + 38p + ksdp = Dha(1) = hy i cos( )
JB = hyfp cos(B) - C,,1
LI=Uy;—RI-C,
Ugo = prf3
by —bn (14)

"

— 1
max < Jop =1, +a, o
HI

L2 pen
“10<r <120

Optimization design of double gyro-swing reduction device in complex sea state based on nonlinear dynamic equations

Based on Eq., a functional relationship can be constructed between the gyro-advancement damping coefficient
r and the optimization objective J,, , and the parameter optimization is carried out through the genetic algorithm
until the optimal damping coefficient »* is found. Considering the influence of the actual sea state, in order to
prevent the deceleration gyro from entering the singular state, the deceleration gyro feed angle g is limited to
between +70°, i.e., between +1.22 rad. At the same time, according to the mechanical characteristics of the feed
damping motor, the damping coefficient » applied to the feed shaft should be limited to between 10 and 120.

IV. Simulation tests and analysis of results

IV. A. Comparative analysis before and after optimization based on shaking reduction effect

Considering only the first objective function, the shaking reduction effect rate as the objective function, in the
MATLAB simulation software through the bacterial foraging optimization algorithm for optimization solution, the first
objective optimization calculation curve is shown in Figure ﬁ the objective function of the shaking reduction rate
from the initial 72.22% to 80%, and at the same time to get the optimized shaking reduction gyroscope parameter
values, the first objective of the parameters of the value of before and after the optimization of the comparison is
shown in Table m From the table, it can be seen that: the inner diameter of the gyro rotor becomes larger, the outer
diameter is slightly smaller, the length of the rotor shaft becomes smaller, and the speed of the motor is changed to
the highest speed, which causes the rotating momentum moment of the gyro to increase, i.e., the rocking reduction
rate is increased. The thickness of the gyro rotor is slightly reduced, which causes the gyro's inward momentum
moment to decrease, i.e., the rocking reduction rate decreases. The damping coefficient is the intermediate value,
which is the optimal value of damping coefficient, at which the ship has the highest rocking reduction rate.
Comparison of transverse rocking angle before and after the first objective optimization is shown in Fig. H the
fluctuation amplitude of transverse rocking angle has decreased significantly, the rocking reduction effect has been
greatly improved, the rocking reduction rate is increased from 71.5% to 80%, and the overall mass of rotor is also
decreased, from the original 2526kg to 2043kg.

Table 1: The first target is optimized before and after the optimization of the parameters

Inner diameter D+/m Outside diameter D,/m Shaft diameter Ds/m Thickness Hi/m
Before optimization 1.068 1.236 0.177 0.697
After optimization 1.105 1.235 0.172 0.613
Axis length H2/m Floor thickness H3/m Damping coefficient/m Speed of revolution @ / r / min
Before optimization 1.043 0.057 25360 1235
After optimization 0.852 0.0469 27165 1302
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Figure 8: Comparison of roll angle before and after optimization of the first target

IV. B. Comparative analysis before and after optimization based on lightweighting

Considering only the second objective function, i.e., the rotor mass as the objective function, the optimization
solution is carried out by the bacterial foraging optimization algorithm in MATLAB simulation software, and the
optimization calculation curve of the second objective is shown in Fig. 9, and the rotor mass of the objective function
is reduced from the initial 2,526 kg to 1,491 kg. Comparison of the values of each parameter of the second objective
before and after the optimization is shown in Table 2. From the table, it can be seen that: the inner diameter of the
gyro rotor becomes larger, the outer diameter increases to the upper limit, the length of the rotor shaft decreases to
the lower limit, and the rotational speed of the motor changes to the highest, which causes the rotational momentum
moment of the gyro to increase, and then increase the rocking reduction rate. The thickness of the gyro rotor is
reduced significantly to the lower limit, causing the gyro's inlet momentum moment to decrease, which reduces the
rocking reduction rate appropriately, but drastically reduces the rotor mass. The damping coefficient is increased to
the middle value of the constraints, which is the optimal value of the damping coefficient, and the ship has the
highest rocking reduction rate at this coefficient. The changes in all parameters are in line with the conclusions of
the ship rocking reduction gyroscope characterization study in Chapter 3. Comparison of transverse rocking angle
before and after the optimization of the second objective is shown in Fig. ﬂ the fluctuation of transverse rocking
angle decreases, but the rocking reduction effect is not much improved from 73.2% to 75.1%, but the rotor mass
decreases obviously from the original 2526kg to 1492kg.
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Table 2: Comparison of the parameters of the second target before and after optimization

Inner diameter D4+/m Outside diameter D,/m Shaft diameter Ds/m Thickness H+/m
Before optimization 1.06 1.24 0.19 0.68
After optimization 1.15 1.2827 0.14 0.45
Axis length H2/m Floor thickness H3/m Damping coefficient/m Speed of revolution @ / ¥ / min
Before optimization 1.02 0.09 25306 1263
After optimization 0.84 0.0565 27493 1312
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Figure 9: Second target optimization calculation curve
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Figure 10: Comparison of roll angle before and after optimization of the second target

IV. C. Comparative analysis before and after optimization based on power drive

Consider only the third objective function, that is, the power drive as the objective function, in the MATLAB simulation
software through the bacterial foraging optimization algorithm for the optimization of the solution, the third objective
optimization calculation curve is shown in Figure 11, the objective function of the motor speed from the initial 1251
to the optimizable minimum value of 1063, the third objective of the various parameters before and after the
optimization of the value of the comparison is shown in Table @ From the table can be seen: the gyro rotor inner
diameter and outer diameter slightly increased, the length of the rotor shaft is reduced, the motor speed is reduced
to the minimum, causing the gyro's rotating momentum moment is reduced, that is, the rocking reduction rate is
reduced. The thickness of the gyro rotor is slightly reduced, causing the gyro's inlet momentum moment to decrease,
although it will appropriately reduce the rocking reduction rate, but reduces the rotor mass. The damping coefficient
increases to the middle value of the constraints, which is the optimal value of the damping coefficient, and the ship

has the highest rocking reduction rate under this coefficient. Comparison of transverse rocking angle before and
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after the third objective optimization is shown in Fig. @ the fluctuation amplitude of transverse rocking angle is
improved, and the reduction of rocking reduction effect is not obvious, from 73.1% to 72.5%, but the mass of the
rotor is improved, from the original 2526kg to 2529kg.

Table 3: Comparison of the parameters of the third target before and after optimization

Inner diameter D4+/m Outside diameter D,/m Shaft diameter Ds/m Thickness H+/m
Before optimization 1.0663 1.2398 0.1819 0.6985
After optimization 1.0895 1.2692 0.1554 0.6276
Axis length H2/m Floor thickness H3/m Damping coefficient/m Speed of revolution @ / ¥/ min
Before optimization 1.0433 0.0486 25305 1236
After optimization 0.8996 0.0509 26712 1122
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Figure 11: The third goal optimizes the calculation curve
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Figure 12: Comparison of roll angle before and after optimization of the third target

IV. D. Comparative analysis before and after multi-objective based optimization

The multi-objective optimization calculation curve is shown in Fig. ﬂ and the objective function value is reduced
from 740.1 to 532.5. A comparison of the multi-objective parameter values before and after optimization is shown
in Table 4. From the table, it can be seen that: the inner diameter and outer diameter of the gyro rotor are slightly
increased, the length of the rotor shaft is reduced, and the rotational speed of the motor is slightly increased, which
causes the rotational momentum moment of the gyro to be slightly increased, i.e., a small increase in the rocking
reduction rate. The thickness of the gyro rotor is slightly reduced, causing the gyro's inward momentum moment to
decrease, although it will appropriately reduce the rocking reduction rate, but reduces the rotor mass. The damping
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coefficient increases to the middle value of the constraints, which is the optimal value of the damping coefficient,
and the ship has the highest rocking reduction rate under this coefficient. Comparison of transverse rocking angle
before and after multi-objective optimization is shown in Fig. M the fluctuation amplitude of transverse rocking

angle is reduced, the rocking reduction effect is slightly improved from 71.46% to 75.34%, and the mass of the rotor
is reduced, from the original 2526kg to 2165kg.

Optimization design of double gyro-swing reduction device in complex sea state based on nonlinear dynamic equations

Table 4: The multi-objective parameters are compared before and after the optimization

Inner diameter D+/m Outside diameter D,/m Shaft diameter Ds/m Thickness H+/m
Before optimization 1.0696 1.2398 0.1788 0.7034
After optimization 1.1123 1.2551 0.1624 0.6076
Axis length H2/m Floor thickness H3/m Damping coefficient/m Speed of revolution @ / ¥/ min
Before optimization 1.05 0.0492 25361 1236
After optimization 0.8406 0.0598 26742 1228
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Figure 13: Multi-objective optimization calculation curve
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Figure 14: Comparison of roll angle before and after multi-objective optimization

V. Conclusion

This study has successfully solved the key technical problem of transverse rocking control for ships under complex
sea conditions by establishing the optimization design method of double gyro rocking reduction device based on
nonlinear dynamic equations. The dual gyro rocking reduction system effectively avoids the yaw and pitch problems
caused by the single gyro system through the design concept of mutual offsetting of undesirable torque. Adams
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dynamics simulation results confirm that the device performs well in low-grade waves, and the rocking reduction
performance can reach 90% under the first-level wave conditions, which is significantly better than that of the
traditional rocking reduction methods.

The application of genetic algorithm optimization strategy realizes the multi-objective coordinated optimization of
the rocking reduction system. The single wave reduction optimization results in a significant increase in the system
performance from 72.22% to 80%, and the rotor mass is reduced from 2526 kg to 2043 kg, which achieves the dual
objectives of performance and lightweighting. The lightweighting optimization significantly reduces the rotor mass
to 1491kg, which creates favorable conditions for the engineering application of the system. The multi-objective
comprehensive optimization achieves the best compromise in terms of shaking reduction effect, mass control and
energy consumption balance, with the shaking reduction rate increased to 75.34% and the mass controlled at
2165kg, which reflects the effectiveness of the optimization algorithm.

The nonlinear dynamics modeling method accurately describes the ship's motion characteristics under complex
sea conditions, and the introduction of Torsethaugen wave spectrum makes the simulation closer to the actual
marine environment. The design of PD inlet controller realizes the precise control of gyro inlet, which effectively
prevents the system from entering into the singular state. This research result provides a complete theoretical
framework and technical scheme for the engineering application of dual gyro rocking reduction device, which is of
great significance to enhance the safety and comfort of the ship under severe sea conditions.

Optimization design of double gyro-swing reduction device in complex sea state based on nonlinear dynamic equations
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