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ABSTRACT

In order to enable ships to operate stably for a long time under complex sea conditions, all kinds of
ships have an urgent need for gyroscopic rocking reduction devices. This paper takes the double gyro
rocking reduction device with better rocking reduction effect as the research object, establishes its
corresponding nonlinear dynamic equations, adopts the energy method to establish the differential
equations of motion, and deduces the dynamic model of the rocking reduction double gyro. A
parameter optimization model is established with the main objective of improving the shaking
reduction effect, and the key components of the shaking reduction double gyro are optimized. The
bacterial foraging optimization algorithm is selected to solve the model, and the multi-objective
parameter optimization model is established. For one to five wave classes, the middle value of the wave
height of the meaningful wave is selected for the dynamic simulation experiment of the double gyro.
When the wave level is less than three time level, the rocking reduction performance of the rocking
reduction double gyro reaches 87.5%, 78.1% and 77.78%, respectively, and the transverse rocking
reduction performance is good. Under the simulation environment of sea state [ (wave height 2.5m,
average period 7s) and sea state II (righteous wave height 2.5m, average period 12s), the rocking
reduction efficiencies of the ship after parameter optimization are improved by 6.44% and 10.09%,
respectively.

Keywords: rocking reduction double gyro, nonlinear dynamic equation, parameter optimization,
bacterial foraging optimization algorithm, multi-objective optimization model

1. Introduction

Complex sea conditions such as wind and waves, cloud cover, night travel, distribution of temperature,
salinity and density, distribution of water masses and ocean circulation have caused non-negligible
impacts on ship navigation. In the process of ship traveling, due to the driving of waves under the effect
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of wind, the ship will constantly sway, causing inconvenience to passengers and cargo. The emergence
of the rocking gyro is to solve this problem.

Shake reduction gyro (ARG) is a common automatic stabilization device, using the principle of
gyroscope to achieve, it is widely used in aircraft [1], ships [2], missiles [3], camera photography [4],
medical [5], industrial processing [6] and other fields. And gyroscope is a device that utilizes the
gyroscopic effect for measuring and controlling angular velocity [7]. The gyroscopic effect is when a
gyroscopic body is subjected to external forces, its axis of rotation will change, which is due to the
rotation of the gyroscopic body produces a moment, so that its axis of rotation deviation results [8].
The specific steps of the working principle of the swaying gyro are that the gyro body starts to rotate,
generating a spin axis. When the ship shaking, shaking gyro will sense this shaking, and produce a
moment in the opposite direction, the moment will make the gyro body rotational axis deviation, and
produce a reaction force, so that the ship produces a shaking and shaking the opposite of the force, in
the constant adjustment of the size and direction of the reaction force, the shaking gyro to achieve the
ship to maintain a smooth, reduce shaking [9-10]. Reduced rocking gyro is not affected by the speed,
sailing, mooring state can be reduced rocking; good suitability, cabin, deck, center, offset can be
installed; no outstretched hull accessories, work does not affect the speed. Allow the installation of
more than one, joint work, adapt to a larger ship [11-14]. Therefore, the gyro has now become the
standard equipment for pilot boats, marine patrol boats and other boats.

In the optimization research of double gyro rocking reduction device, this paper firstly starts from
the nonlinear dynamic equations of the rocking reduction double gyro device, puts forward the
physical model of the rocking reduction double gyro device, and establishes its differential equations
of motion from the kinetic energy of the ship's rocking, the kinetic energy of the rocking reduction
gyro, and other aspects through the energy method. According to the momentum moment theorem, a
single-frame control moment gyro dynamics model is established to obtain the dynamics equations of
the sway-reducing double gyro in ship coordinates, and the turntable sway-reducing gyro is re-
modeled by coordinate transformation. The transverse rocking angle of the ship is calculated with the
help of the fourth-order Longecourt method, and the relevant objective functions of the rocking
reduction effect, rotor mass and power drive are proposed. According to the size of the installation
space inside the ship's cabin, the size constraints of the gyro rotor are given, and a multi-objective
optimization model of the gyro rotor is established. The bacterial foraging optimization algorithm is
selected from a variety of modern optimization algorithms, through which the multi-objective
parameter optimization model of the ship's rocking reduction gyro is solved. Based on two measures
of wave period and wave amplitude, we carry out the dynamic simulation experiments of double gyro
under the environment of one to five level waves to test the effectiveness of the proposed double gyro
device model. The “Jinghai” JH-750 unmanned boat of Shanghai University of China is used as an
example to verify the accuracy of the proposed multi-objective optimization based rocking reduction
double gyro parameter optimization model, and to carry out the rocking reduction double gyro
parameter optimization simulation experiments.

2. Deconstrained double gyro model based on nonlinear dynamical equations

Ships require a rocking reduction system to resist wind and waves during navigation, thus enabling
them to operate in a stable manner and improving safety and crew comfort. As a very effective rocking
reduction device, the double gyro rocking reduction device has the advantage that it works entirely
within the ship's hull and does not require sufficient movable mass to generate control moments. In
this paper, based on the nonlinear dynamics equations, a dual gyro dynamics model for ship rocking
reduction in complex sea conditions is established.
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2.1. Nonlinear Dynamics Equations for a Double Gyroscopic Shake Reduction Device

2.1.1. Movement of ships under wave action. A ship floating on water has six degrees of freedom of
motion. If a coordinate system is established with the ship's bow and stern directions as * axis, port
and starboard directions as V axes, and up and down directions as Z axes, then the translational
movements alongthe X.)>Z directions are called longitudinal swing, transverse swing, and lifting and
sinking, respectively; and the rotations around the X.Y and 2z axes are called transverse rocking,
longitudinal rocking, and ship rocking, respectively.

Since the shear capacity of water is extremely small, the ship floating on the water always inevitably
under the action of non-zero external forces, including the motion of translation and rotation.

For displacement ships, the transverse rocking motion tends to be more violent because the moment
of inertia of the transverse rocking motion is smaller. In other words, reducing the transverse rocking
of ships is the main topic in the study of ship stabilization.

2.1.2. Physical modeling of the reduced-swing double gyro. A power gyro is used to stabilize a ship
in waves according to the two following physical properties of the gyro.
1) The application of an external moment to a free gyro causes an angular displacement of the gyro in
the plane formed by the external moment vector and the spin axis of the gyro rotor, which is usually
referred to as the feed.
2) The gyro advance produces a gyroscopic moment proportional to the angular velocity of the gyro
advance, acting in the plane formed by the advance axis and the spin axis of the gyro rotor. The moment
appears in the form of the bearing reaction force of the feed shaft.

According to theoretical mechanics, the gyroscopic stabilizing moment can be written as the
following equation:

M, =0y, (1)

Where, Jj, is the rotational inertia of the gyro rotor relative to its own axis of gyration; @), is the
gyro rotor's slewing speed; l/7,, is the gyro rotor's feed speed; M, is the external moment applied
to the gyro.

Formula (1) for the theoretical basis of the role of gyro stabilization.

2.1.3. Equations of motion. The energy method is used to establish the differential equations of
motion of the system, all physical quantities are in SI units and the energy terms of the system are as
follows.

1) Kinetic energy of the ship's rocking:

1 .
n=210 2)

where / represents the moment of inertia of the ship, and since the moment of inertia of the ship is
much larger than that of the deceleration gyro, the moment of inertia of the deceleration gyro can be
ignored.

2) Kinetic energy of the deceleration gyro. Noting that the maximum gyro advance angle is usually not
more than 30°, with the approximation SNy, ®17,,€08¥%, 1, it can be expressed as:

1 : R
T,= EJa(wa +0y,)’ +5(Jb + j W, (3)

Where Jj, is the moment of inertia of the gyro relative to the frame axis; Jj, is the moment of
inertia of the gyro frame relative to the frame axis.
3) The total kinetic energy of the ship-decoupled gyro system:
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T =200, 00}y W 0

Take the center of gravity of the frame and gyro system to lie below the trunnion of the frame.
4) Potential energy of the system:

U = %H(,y/j + %Dhez (5)

Where, /1 is the static moment of the decoupled gyro.

[
5) Dissipated energy of the system from friction between the ship and the water and air:

O=N,& (6)

The dissipated energy from friction on the trunnions of the gyro frame is omitted. Denote the wave
disturbance moment by Dhg@/s sina)t, where D is the displacement of the ship, 46 is the initial
stability height of the ship, }, isthe effective wave inclination angle of the wave, and sina* denotes
the variation of a harmonic wave of frequency @ with time 7.

On the active decoupling gyro, it is assumed that what causes the realization of the gyro driving
action is the simple harmonic moment that causes the inlet, and the action itself is quasi-elastic, that
is, it is allowed that there is a phase difference between the oscillation of the gyro frame and the action,
which is equivalent to a periodic action pay A4, cos(a¥+¢€) affecting the inlet in terms of the equations
of motion.

Then the differential equations of motion of the ship a gyro system are obtained from Eq. (2) to Eq.

(6):
{(11 +j, w0+ N,0+Dh+J,0y, = Dhy,sinw -

(, + joW +Hy,—J w060 =A cos(wt + &)

Since jal,//2 is much less than 1, it can be ignored. Let:
2v=N,/I;n*=Dh/I;a, = j0,/1,
S A T N (8)

C C .a a

mp:. ’/_ . 2 %g T .
Jrt o JrtJo Jv T Jo

The system of equations (7) can be rewritten as:

(9)

N - S,
0+2v0+n H+0{g(//p =n"y,sinwt
W +my,—a,c,0=a,cos(of +¢)

2.2. Ship Deceleration Double Gyro Dynamic Modeling

2.2.1. Single-frame control moment gyro dynamics modeling. The deceleration gyro is mounted on
the hull deck, and consists of an outer frame, a feed shaft, a rotor, and a rotor spin axis. 0$7¢ is the
ground coordinate system with the center of the earth as the origin, where O¢ is perpendicular to
the ground, and ¢ is the transverse rocking angle of the hull around the axis O¢ . Oxyz isthe gyro
coordinate system with the center of gravity of the gyro as the origin, the center of gravity of the gyro
coincides with the center of the earth, Oy axis for the gyro's axis of advancement, Oz for the rotor's
axis of rotation, and # for the gyro's angle of advancement around Oy axis.

Assume that the angular velocity of rotation of the ship is projected on the base coordinate system

O-¢ng:
Q=[0,.0,.0,] (10)
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Since the frame coordinate system O —xyz does not affect the rotation of the gyro rotor, it can be
obtained by considering O — xyz as a projected coordinate system and then projecting the base
angular velocity Q from Eq. (10) onto O — xyz:

Q, =Q,cos f-Q,sin
Q=0 (11)
Q. =Q,sinf+Q, cos B

Since the gyro has a feed in the Oy—axis, the angular velocity of the feed is added to the ship's

coordinate system O - xyz, which can be obtained by decomposing the angular velocity into the
O - xyz -coordinate:

wz[a)x,a)y,a)Z]=[QX,B+Q),,QZ] (12)

Assume that the moments of inertia of the gyro rotor in the three axes of coordinate system
O—x,ypz, are A,,By,C,, and the moments of inertia of the gyro frame in the three axes of gyro
coordinate system O — xyz are 4,B,C.Then the combined moments of force exerted on the gyro
rotor and the gyro frame are projected onto the coordinate system O — xyz, and let the projected
moment be M, and the projection of the moment of momentum f{, generated by the point O in
the gyro rotor into the coordinate system O —xyz is[15]:

Hy ZI:ARa)x’BRwy’CR(a)z +¢)] (13)

The projection of the momentum moment £ generated by the frame to the point O within the
coordinate system O — xyz can be expressed as:

H,= [Aa)x,Ba)y,Ca)Z] (14)

Then the total momentum moment A generated by the gyro frame and gyro rotor for point O
is:

H=H,+H,=[ (4, + )o,.(B, + B)o,,Cy(0. +§) + Ca, | (15)

According to the Moment of Momentum Theorem, there are in coordinate system O — xyz:
i{—il +oxH=M (16)

And so it can be obtained:

M, =(4, + A)i, — (B, + B)w, 0. +(Cy(@, + §) + Co)o,

M, =(By+B)d, + (4 + Do,0. —(Cy (0, + )+ Ca,)o, (17)

d(Cyl@, + ) +Cw.)
dt

M. = +(B; + B)a)ya)x — (A, + A)a)xa)y

Let the rotating momentum moment constant be hy=C,, and let the steady state value of rotor
speed be @, =@, +¢@. Equation (18) can be further calculated as:
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M, = ARQ§ cosﬂ—ARQg sinﬂ+h0,3—2ﬁAR(Q§ sin B+ Q, cos f)

—Q, (A, Q, sin B+ 4, Q. cos f—h,y)
M, = A B+ ARQU +AR(Q§ —Qz)SinﬁCOSﬂ'f— ARQéﬂ,;(cos2 B—sin’ B) (18)
—hy (€2 cos f—CQ, sin f3)

M_=0

z

It is now assumed that the base follows the angular velocity Q=[€,,€Q, ,Q.]=[4,0,0] ofthe O -
point sway, where @,6,0 represents the angular velocities of transverse, longitudinal, and bow sway,
respectively.

The value of the rotational momentum moment constant ho in Eq. (18) is much larger compared
to the ship's angle of rotation, angular velocity and moment of inertia. Therefore, in order to further
simplify the model, the higher order terms in Eq. (18) can be ignored, and at the same time, the
coupling between the ship's transverse rocking and the states of motion in the other five degrees of
freedom can be ignored into the rotational momentum moment constant J:AR, and then the
dynamical equations of the gyro in the ship's coordinates O — xyz can be expressed as:

Mx = ho:B
M, =Jp—hgpcos B (19)
M_=0

The projection of Eq. (19) into the base coordinate system O -<¢n¢  can be obtained:

M, :hoﬁcosﬂ
anJﬁ—hng}cosﬂ (20)
M, = hBsin B

2.2.2.  Dynamic modeling of a rotating-disk decoupling gyro. Compared with the conventional swing-
reducing gyro, the rotor of the turntable-type swing-reducing gyro is placed vertically instead of
horizontally, and then its dynamics model is different from that of the conventional swing-reducing
gyro, which needs to be re-established.

The frame inlet axis, which is parallel to the ground, is changed to be perpendicular to the ground,
and the rotor axis, which is perpendicular to the ground, is changed to be half-way to the ground, i.e.,
the frame inlet axis and the rotor axis are exchanged in different directions. The three axes of the gyro
are the torque output axis, the frame feed axis and the rotor spin axis, which are perpendicular to each
other. In contrast, the rotor-type deceleration gyro only exchanges the direction of the rotor spin axis
and the frame inlet axis, and does not affect the torque output axis. Therefore, the dynamics model is
re-established as follows:

M, :hoﬁ’cosﬂ

M, = Oﬁ’sinﬂ (21)
M, :Jﬁ—ho¢cosﬂ

In order to provide a higher damping torque, multiple dampers are placed in the inlet direction of
the turntable type damping gyro. The telescopic movement of the damper rod results in unequal
hydraulic oil pressures in the two chambers of the damper rod, creating a pressure differential, and
the side with the higher oil pressure presses the fluid bush oil towards the damping hole, and thus the
damping moment provided for the feed of the frame shaft of the rocking reduction gyro is created.
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Assume that the damping moment is:
M, =Cp (22)

Where: C represents the damping coefficient, the specific value of which is determined according
to different models of dampers with the diameter of the small holes on the corresponding dampers.

Adding the damping moment to Eq. (21), then the dynamics model of the rotating disk type rocking
reduction gyro can be expressed as:

M, :ho/?cosﬂ

M, :hoﬂsinﬂ (23)
M, =JB—h0¢cosﬁ+CB

3. Optimization model of shaking-reducing dual gyro parameters based on
multi-objective optimization

This chapter will optimize the parameters of key components such as rotor and inlet damper of the
sway-reducing double gyro device to further improve the sway-reducing effect. Optimization of key
components parameters means that the optimized ship rocking reduction gyro has higher space
utilization, lower energy consumption, less material consumption, lower cost, and its corresponding
rocking reduction effect is higher.

3.1. Calculation of ship's transverse rocking angle

First solve for the ship's transverse rocking angle @v when the deceleration gyro is not working.
order x=¢5N, the time range is ?<€[a,b], and define the transverse rocking angle and transverse
rocking angular velocity initial value is zero, which can be defined ¢, (a)=0,¢, (a)=x(a)=0, which is
then transformed into a system of first-order differential equations initial value problem:

o\ () = x(2) te€la,b]

xX(6)= [ (1, ¢y (1), x(0)), t€la,b] (24)

x(a) =gy (a) = 0,4y (a) =0

In the formula:

S, @), x(t)) =—c,x(?) —c3x(t)3 ko, (D) -k, (t)3

5 (25)
—kspy (1)’ + Dha(t)/ (15 +J )

In turn, solving the above initial value problem for a system of first order differential equations using
the fourth order Lungkuta method leads to the following numerical form [16]:

h
¢N(k+1) = ¢Nk +E(K1 + 2K2 + 2K3 +K4)
P (26)
Xy =X, +€(L1 +2L,+2L,+L,)

where / is the iteration step at time ¢ , k is the number of iterations, and
K.K,.K,,K,,L,,L,,L,,L, is the coefficient of the Lungkuta method of solving and can be expressed
as:
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K =x, L = f(t,, Py %)
h h h h
KZ =xk +EL1,L2 Zf(tk +E,¢Nk +5K1,xk +EL1)
h h h h (27)
K3 =xk +EL2,L3 zf(tk +E,¢Nk +§K2,xk +EL2)

h h h h
K4 =X +EL3,L4 Zf(tk +5’¢Nk +5K3,xk +EL3)

In turn, it is possible to obtain a numerical expression for the change in the transverse rocking angle
(é\, following the time # when the decelerating gyro is not in operation:

h
¢N(k+1) = ¢Nk +E(K1 +2K2 + 2K3 +K4) (28)

Since the above equation is a numerical solution, i.e., a collection of discrete points, scholars usually
solve the standard deviation of the values of the discrete points of the transverse rocking angle as the
evaluation standard of the ship's transverse rocking angle on the time period ?€[a,b], then the
standard deviation of the transverse rocking angle @, can be obtained when the decelerating
gyroscope is not working S(d,) is:

29
S(gy) = 29

Where £ is the number of iterations in solving the numerical solution process, i€k, @, is the
average value of the ship's transverse rocking angle at each discrete point on the time period ¢ € [a,b].

Then solve the deceleration gyro work, the ship transverse rocking angle @, . Order x=¢(;,y =,6”,
the time range is 7 €[a,b], and define the transverse rocking angle and transverse rocking angular
velocity, into the angle and into the initial value of angular velocity of zero, that is,
¢y(a)=0, ¢N(a) =x(a)=0,5(a)=0, (a)=1(a) =0, then can be transformed into a system of first-
order differential equations of the first-order value of the problem:

#o(1) = x(t) tefa,b]
B (1) =) tela,b]
X (0)= £,(t.8, (1), x(1), B(1), y(t)) tela,b]
¥ () = £,(t.x(0), B(1), (1)) tela,b]
x(a)=¢,(a) = 0,4,(a)=0
y(a)=p(a)=0,B(a)=0

(30)

In the formula:
Si(t,0,(1), x(2), B(2), (1)) = —c,x(2) —c3x(t)3 — k¢, (1) _k3¢0(t)3 _k3¢o(t)5
=2h,y(t)cos (1) / ([¢¢ + J¢¢) + Dha(t)/ (1¢¢ + J¢¢) (31)
S (6, x(2), B(2), y(1)) = hyx(t) cos B(¢) | J —my(t) / J

In turn, solving the above initial value problem for the system of first order differential equations
using the fourth order Lungkuta method leads to the following numerical form:
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h
¢0(k+1) = ¢0k +E(K11 +2K12 + 2K13 +K14)

h
X = X +E(L11 +2L12 +2L13 +L14)

, (32)
B =5, +g(K21 +2K,, +2K,; +K,,)
h
Vit = Vi +E(L21 +2L), +2L,,+ Ly,)
where: h is the iteration step at time [ k is the number of iterations,

KLK, K, K, K K,.K,.K,, L.,L,L;L,L,L,, LB L, are the coefficients of the Lungkuta

method of solving and can be written as:
Ky =x, Ly = [ b X Bis Vi)

h h h h h h
K, =x,+ 2L11’L ﬁ(tk +E’¢Ok +EKll7xk +EL11'ﬂk +EK217yk +EL21]

h h h h h h
K= +2L12aL fl(k 57¢0k+EK127xk+EL125ﬁk+EK22>yk+EL21\J

h h h h h h
K14:xk+2L13,L fi(l‘k +E,¢Ok +5K13,Xk +EL13,ﬂk +5K23,yk+5L21j (33)
Ky =y Ly = f,%0 B v)

h h h h h
Kp =y, + 2L21’L fz(tk +E’xk +5Lll'ﬁk +EK21>yk +EL21)

h h h h h
K=y + 2L22’L fz (tk +Eaxk +EL12’ﬂk +EK227yk +EL21J

h h h h h
Ky=y+ 2L23aL fz(tk +Eﬂxk +EL13an +EKz3aJ’k +5L21J

In turn, it is possible to obtain a numerical expression for the change of the transverse rocking angle
¢0 with time ¢ during the operation of a decelerating gyro:
h
¢O(k+l) = Po +E(K1 +2K,+2K;+K,) (34)
Since the above equation is a numerical solution, i.e., a collection of discrete points, scholars usually
solve the standard deviation of the values of the discrete points of the transverse rocking angle as the
evaluation standard of the transverse rocking angle of the ship on the time period ¢ <€[a,b], then the

standard deviation of the transverse rocking angle ¢0 during the work of the decelerating gyro can
be obtained S(¢,) is:

5
S(¢p) = (35)

where k& is the number of iterations in the process of solving the numerical solution, i€k, ¢O are
the average values of the ship's transverse rocking angle at each discrete point on time period ¢ €[4,b].

3.2.  Objective function

1) Optimization of the effect of rocking reduction. The current standard for judging the effectiveness



5976 GONGET AL.

of the ship's rocking reduction gyro is the size of the rocking reduction rate, which is defined as s:

o S@I=S@) 0

36
S@,) (3¢)

Then the optimization objective of the shake reduction effect is:
rr]inﬁ(DlJD27D:§JH]7H27H:§7a)7m):1_S (37)

2) Optimization of rotor mass. In the optimization design will involve lightweight design, that is, to
reduce the weight of the product, in order to reduce the cost at the same time to facilitate the
installation. In the overall components of the ship decoupling gyro, the main mass is concentrated in
the gyro rotor, and the mass of the gyro rotor can be expressed as:

M=pV = p(H,(D, ~D)+2H,D, + H,D)) (38)
Then the goal of lightweighting the ship's rocking reduction gyro is:

min f,(D,,D,,D,,H,,H,,H,,®,m)

(39)
= p(H,(D, = D)) +2H,D, + H,D;)

3) Optimization of power drive. Considering the finite nature of the supplyable power of the ship's
power system, the design of the motor drive needs to consider the driving torque of the motor as well
as the rotational speed, the most important of which is the motor speed also as the rotor speed. A
suitable motor speed can avoid excessive consumption of energy from the ship's power system, and
the speed of the motoris @ .

Then the objective of ship power drive optimization is:

win £,(D,, Dy, Dy, Hy, Hy, Hy, 0,m) = (40)

3.3. Constraints

According to the size of the installation space inside the ship's cabin, the dimensional constraints of
the gyro rotor are given. Assuming that the size of the installable space in the ship's cabinis / xh xh,,
the following constraints should be satisfied for the gyro rotor OD Q, rotor ID Q, rotor diameter Q,
rotor wall thickness H, rotor length [, and rib plate thickness F4:
D, <D, <min(h;,h,,h,)

a, <D,

a,<D;<a,

H, <H, <min(h,h,,h,)

a, <H,

(41)

a; < H, <aq

Where: ai,i IS (1, 6) are positive numbers, and the specific values are based on the actual situation.

According to the supplyable power of the ship's power system, thed:g)gbsﬁraints on the motor speed
are given; assuming that the supplyable power is £, due to @ = , where P is the rated
power and 7 is the rated torque, the motor speed needs to satisfy the fgllowing constraints:

9550P,

a, <<

(42)

The constraints can be summarized as follows:
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D, <D, <min(h,,h,,h,),a <D,
H, <H, <min(h,h ,h,),a, < H,

st. 9550P, 43
a, <D, <ay,a;<H,<ag,a, <o < : (43)

a,<m<ay,a,<S<a,
Where: al.,i 6(1,11) are positive numbers, the exact value depends on the actual situation.

3.4. Optimization model for the parameters of the decoupling gyro

According to the actual situation of ship rocking gyro and ship, this paper establishes three objective
functions, as shown in Equation (37), Equation (39) and Equation (40). These three objective functions
have a relationship between the connection and mutual constraints. Then, considering these three
objective functions, a multi-objective optimization model can be established to optimize the
parameters of the key components of the ship's deceleration gyro:

min f,(D,,D,,D,,H,H,,H,,0,m)=1-5
min f,(D,,D,,D,,H,,H,,H,,0,m)= p(H,(D, - D,)+2H,D,+ H,D;)
min f;(D,,D,,D,,H,,H,,H,,0,m)=®
D, <D, <min(h,,h,,h,),a <D,
H, <H,<min(h,h, h,),a, < H,

S.t. 95507,
b
a, <D, <a;,a,<H,<ag,a, <o <—

(44)

ag,<m<ay,a,<S<a,
Where: al.,l' 6(1,11) are positive numbers, the exact value depends on the actual situation.

3.5.  Principles of Bacterial Foraging Optimization Algorithm

Bacterial foraging behavior can be mainly summarized as: searching for food, moving position,
digesting food, and mimicking such foraging behavior an intelligent algorithm is proposed as -
Bacterial Foraging Optimization Algorithm, which mainly consists of three steps: chemotaxis,
replication, and migration operations.

The main parameters of the bacterial foraging algorithm are as follows [17]. Np is the population
size, P, isthe migration probability, /V,, isthe number of migration operations, N. is the number
of replication operations, /N, is the maximum step size of unidirectional bacterial movement in the
chemotaxis operation, and /N, is the number of chemotaxis operations.

1) Chemotaxis operation. The chemotaxis operation is the key part of the bacterial foraging algorithm,
chemotaxis is the behavior of bacteria swimming towards the nutrient-rich places and piling up, which
has the advantage of finding the local optimal solution. The initialization of the bacterial foraging

algorithm uses random initialization with the following formula:
X=X +rand*(X —X ) (45)

Where: X. and X, arethe minimum and maximum values in the optimization range, and X
is the initialized position of the bacteria.
In turn, the latest position of the bacteria after each chemotaxis operation can be expressed as:

A@)
AT (D)A(i) (46)

where P(,j+Lk,l) and P(,j,k,]) denote the positions of bacteria 7 after realizing the Jj+1th

PG, j+1,k,1)=P@, j,k, 1)+ C@{)*
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and Jth chemotaxis operations under the kthreplication operation and the /th migration operation,
respectively. C(i) isthe chemotaxis step of bacteria i,and A(/) isthe unit random direction vector.
The initial value is set to i=0.

2) Replication operation. The replication operation accurately expresses the idea of Darwin's theory
of evolution - the survival of the fittest: the bacteria with low survival ability will be discarded, and the
remaining bacteria with relatively strong survival ability will be retained, and will continue to replicate
to ensure that the size of the population remains unchanged.

3) Migration. The migration operation is to expand the area in which the bacteria feed to avoid
clustering of bacteria together, and thus to avoid falling into a local optimum solution during the
solution process. As long as the bacteria satisfy the migration condition, a randomly generated bacteria
with probability less than the originally set probability of the migration operation, i.e., rand()<P,,
then this bacteria dies out. Then a brand new bacterial individual is randomly generated at a certain
location within the globe to ensure that the total number of populations remains unchanged. The
initial value is setto i=0 and rand is a random value between [0, 1].

3.6. Multi-objective optimization model

First, the optimal solution fl*(x,y, z) of each single-objective function is solved separately as the ideal
point. Then, the evaluation function of each single-objective function is established for the straight line
spacing between the actual point and the ideal point:

(47)

2
(D,,D,,D,,H H, H
E(Dl’DvaHlaHZ,H3,a),m)—|: f,( 1547, L5, 41, 115, 3aa),m)):|

—f7(D,.D,,Dy,H,,H,,H,,0,m
Finally, based on Eq. (47), the weight coefficients ¢&; are added and the sum of each weight

coefficient is 1, which in turn transforms the expression (44) of multi-objective optimization into a
multi-objective optimization model as:

min f(D,,D,,Dy,H,,H,,H;,,m)

N | —

(48)

J

3
= a . - «
2., {—f}. (D,,D,,D,, H,, Hy, Hy,0,m

Jj=1

f.(D,,D,,D,,H,,H,,Hy,0,m) |
)

D, <D, <min(h,,h ,h,),a, <D,
H < H, <min(h,h, ,h,),a, < H,

s.t. P 49
a2<D3<a3,a5<H3<a6,a7<a)§% (49)

ag<m<ay,a,<S<a,

Where al.,i 6(1,11) are positive numbers, the exact value depends on the actual situation.

4. Simulation experiments on the dynamics of a decoupled double gyro in
complex sea states

In this chapter, we will use Adams to carry out a dynamics simulation experiment on the rocking-
reducing dual gyroscope device model established in the previous section to verify its rocking-
reducing performance and explore its rocking-reducing law.

The simulation experiment is based on two measures of wave period and wave amplitude. However,
for different wave levels, the meaningful wave height of each wave level has a certain interval range, in
order to make the simulation data more accurate, for any level of waves, the middle value of the
meaningful wave height is selected for simulation.
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4.1. Analysis of the performance of primary wave attenuation

The simulation results obtained by taking the middle value of wave height of 0.05 meters under the
first level of sea state with sense wave are shown in Fig. 1. Figure (a)~Figure (c) for the ship's wave
inclination angle, double gyro rotor speed of Or/min and 6000r/min when the ship's transverse
rocking angle simulation results output curve. From the graph, it can be concluded that at this time,
the wave inclination angle of 0 to 4 degrees, the gyro rotor speed of Or/min, the ship's transverse
rocking angle of 0 to 3.2 degrees, the gyro rotor speed of 6000r/min, the ship's transverse rocking
angle of the maximum near 0 to 0.4 degrees, the ability to reduce the rocking is 87.5%.
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(c) The simulation results of 6000r/min

Fig. 1. The simulation results of first-order waves

4.2. Performance analysis of secondary wave attenuation

Under the secondary waves, taking the middle value of wave height 0.25 m, the simulation results of
the ship's transverse rocking are specifically shown in Fig. 2, and Figs. (a) to (c) show the ship's wave
inclination angle, the ship's transverse rocking angle when the double gyro rotor speed is Or/min and
6000r/min, respectively. In the case of wave inclination angle from 0 to 18 degrees, when the gyro
rotor speed is Or/min, the ship transverse rocking angle is 0~16 degrees, and in the case of gyro rotor
speed is 6000r/min, it is 0~3.5 degrees, and the rocking reduction ability of the rocking reduction
double gyro reaches 78.1%.

Angle (deg)
=

Time (sec)

(a) Wave slope
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Fig. 2. The simulation results of second-order waves

4.3. Tertiary wave reduction performance analysis

The simulation results obtained by selecting the middle value of the fetch wave height of 0.82 m under
the three-level meaningful wave sea state condition are shown in Fig. 3, and Figs. (a)~(c) show the
wave inclination angle of the ship, and the transverse rocking angle of the ship at the speed of the dual
gyro rotor of 0 r/min and 6000 r/min, respectively. The propagated wave inclination angle is
significantly elevated at 0 to 48 degrees in the third level wave environment. When the gyro rotor
speed is Or/min, the ship transverse rocking angle remains at 0~45 degrees, while when the gyro rotor
is running and reaches the speed of 6000r/min, the ship transverse rocking angle is approximated to
be 0~10 degrees, and the rocking reduction capability reaches 77.78%.
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Fig. 3. The simulation results of third-order waves

4.4. Analysis of the performance of wave attenuation for class IV waves

The simulation experiments are carried out under four-level waves with the middle value of wave
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height of 1.9 meters, and the simulation results obtained are shown in Fig. 4, Figs. (a)~(c) show the
ship's wave inclination angle, the ship's transverse rocking angle when the double gyro rotor rotational
speeds are Or/min and 6000r/min, respectively. At this time, the wave inclination angle is at 0~60
degrees. When the dual gyro is on, the gyro rotor speed is Or/min and the ship's transverse rocking
angle reaches 0~57 degrees. After starting, the gyro rotor speed is 6000r/min, the ship's transverse
rocking angle is approximated to 0 to 30 degrees, and the rocking reduction capacity is 47.37%.
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Fig. 4. The simulation results of fourth-order waves

4.5. Performance Analysis of Class V Wave Reduction

The simulation results obtained by taking the middle value of the wave height of 3.2 meters under the
sea state of five levels of meaningful waves are shown in Fig. 5, and Figs. (a)~(c) show the wave
inclination angle of the ship, and the transverse rocking angle of the ship at the speed of the double
gyro rotor of Or/min and 6000r/min, respectively. From the graphs, it can be concluded that the wave
inclination angle is 0~76 degrees at this time. When the gyro rotor speed is Or/min, the ship transverse
rocking angle is 0 to 72 degrees. When the gyro rotor speed is 6000r/min, the rocking reduction
double gyro can not play the role of rocking reduction, the ship has the danger of capsizing.
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Fig. 5. The simulation results of fifth-order waves

According to the results of simulation experiments, it can be concluded that the double gyroscope
designed in this experiment has a very good performance of transverse rocking reduction when the
level of meaningful waves is less than or equal to three levels, and even in the first level of waves, the
rocking reduction performance can reach more than 80%. When the wave level reaches four, the
rocking reduction effect of the dual gyroscope rocking reduction device is greatly weakened. When
there is a righteous wave greater than level 5, gyroscopic rocking reduction device can not be effective
rocking reduction, the ship is subject to wave shock obviously, but generally to level 4 or level 5 waves,
the ship will choose to enter the harbor to avoid the wind. Overall, the double gyro rocking reduction
device designed in this paper can have a good rocking reduction performance in complex sea
conditions, and further improvement and optimization can be carried out in the future.

5. Parameter optimization simulation experiments of a decoupling double gyro

In order to verify the accuracy of the dual gyro parameter optimization model based on multi-objective
optimization proposed in this paper, this section will take the unmanned boat “Jinghai” JH-750 of
Shanghai University, China, as an example to carry out simulation verification. Firstly, a joint dynamic
model is constructed by Matlab/Simulink simulation software, and the transverse rocking angle of the
ship when the rocking reduction is off and on is obtained. Then, the parameter optimization model is
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built to optimize the damping coefficients of the dual gyroscope, and the best damping coefficients are
finally obtained.

5.1.  Simulation and analysis of ship's transverse rocking under complex sea state

The ocean sea state selected for simulation in this paper is the North Atlantic sea state. According to
the statistics of the North Atlantic sea state, this section will carry out the simulation calculation of
two kinds of sea state.

1) Sea state 1, with a meaningful wave height of 2.5m and an average period of 7s.

2) Sea state 2, with a meaningful wave height of 2.5m and an average period of 12 s. The simulation
time is set to 150s, and the average period is 7s.

The simulation time is set to 150s, and the fixed step size is 0.01s. The simulation results are shown
in Table 1. The “off” and “on” in the table represent the maximum transverse rocking angle amplitude
when the dual gyro is off and on, respectively. Under sea state 1, the maximum transverse rocking
angle decreases from 20.1° to 1.6° after the rocking-reducing gyro is turned on, and the rocking-
reducing efficiency is 92.04%. Under sea state 2, the maximum transverse rocking angle amplitude
value decreased from 11.3° to 1.2°, and the rocking reduction efficiency was 89.38%. Obviously, after
optimizing the parameters of double gyro by using the optimization model of rocking reduction double
gyro parameters, the rocking reduction effect of ship's transverse rocking is obvious.

Table 1. Simulation results of ship rolling

Sea state Closed Turn on Anti-rolling efficiency(%)
Sea state 1 20.1 1.6 92.04
Sea state 2 11.3 1.2 89.38

5.2.  Parameter optimization analysis based on bacterial foraging optimization algorithm

In the parameter optimization model proposed in this paper, the bacterial foraging optimization
algorithm is adopted to solve the parameters and realize the parameter optimization of the rocking
reduction double gyro. Still taking sea state 1 and sea state 2 proposed above as examples, the results
of parameter optimization and rocking reduction performance in different sea states are compared as
shown in Table 2. As can be seen from the table, the initial shaking reduction efficiency of the ship's
shaking reduction system under the two sea states is 91% and 88.24%, respectively, while the shaking
reduction efficiency after parameter optimization is improved by 6.44% and 10.09%, respectively, and
the difference in the high-frequency envelope area is relatively small, which indicates that the
optimized parameter of the inlet system does not have vibration shaking phenomenon. According to
the above results, it proves the effectiveness of the shaking reduction dual gyro parameter
optimization model proposed in this paper on the optimization of dual gyro parameters and the
positive effect of parameter optimization on the shaking reduction efficiency.
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Table 2. Parameter optimization results in different sea conditions

Optimal results
Parameter classification Parameter name
Sea state 1 Sea state 2

Fitness 0.8875 1.022
Initial parameters Anti-rolling efficiency 91% 88.24%
High frequency band envelope area 3644.22 178.74

Fitness 4.8228 4932
Optimize parameters Anti-rolling efficiency 97.56% 98.33%
High frequency band envelope area 3738.85 398.34

5.3.  Parameter optimization results and analysis

In order to further analyze the relationship between parameter optimization and rocking reduction
efficiency, this section takes sea state 2 as an example, and analyzes the ship's transverse rocking
condition and gyro advancement and output moment before and after parameter optimization, as
shown in Fig. 6. Figures (a)~(b) show the optimization results of the ship's transverse rocking angle
parameter, the optimization results of the gyro feed angular velocity and the optimization results of
the gyro output moment. The dashed, dotted and solid lines in Fig. (a) show the ship's transverse
rocking angle when the rocking reduction is turned off, under the initial rocking reduction parameter,
and under the optimized rocking reduction parameter, respectively. The maximum transverse rocking
amplitude of the ship is 16.1° and the transverse rocking angle trinity is 9.2° under the sea state II
environment. Under the initial rocking reduction parameters, the maximum transverse rocking
amplitude of the ship is 1.9°, the transverse rocking angle trinity value is 1.1°, and the rocking
reduction efficiency is 88.31%. After the parameter optimization, the ship's transverse rocking angle
is significantly reduced, with the maximum value of 0.6° the trinity value of 0.3°, and the rocking
reduction efficiency is 97.44%, which is 9.13% higher than that of the initial rocking reduction
parameters. As can be seen from Figs. (b) and (c), the control system optimized by the algorithm can
output a larger angular velocity and rocking reduction moment, and the optimized rocking reduction
gyro output moment is closer to the wave disturbance moment waveform, and there is no jittering
phenomenon. When the output moment of the rocking reduction gyro is in the opposite direction to
the wave disturbance moment and the size is close to the wave disturbance moment, the rocking
reduction effect is better, that is to say, the rocking reduction effect of the ship after parameter
optimization is very good.
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Fig. 6. Optimization results

6. Conclusion

The purpose of this paper is to study the rocking reduction performance and law of the double gyro
rocking reduction device, to optimize its design, to improve the working performance of the ship-
carried rocking reduction double gyro, and to provide assistance for the stable operation of the ship
under complex sea conditions. The nonlinear dynamic equations of the double gyro rocking reduction
device are established, and its corresponding dynamic model is proposed. Establish the parameter
optimization model of the sway-reducing double gyro and propose the parameter optimization
method to improve the sway-reducing effect of the sway-reducing double gyro.

Adams is used to carry out dynamic simulation experiments on the rocking reduction double gyro
device model proposed in this paper to explore the rocking reduction performance of the rocking
reduction double gyro device under different wave levels. In one to three wave levels, when the rotor
speed of the double gyro is Or/min, the wave inclination angle is within 0~4 degrees, 0~16 degrees
and 0~48 degrees, respectively, and when the rotor speed is 6000r/min, the maximum transverse
rocking angle of the ship is 0~0.4 degrees, 0~3.5 degrees, 0~11 degrees, and the rocking reduction
capacity reaches 87.5%, 78.1%, and 77.78%, respectively. Obviously, when the wave level is one to
three, this paper's rocking reduction double gyro device shows excellent ship rocking reduction effect.
When the wave level reaches four, the rocking reduction capability decreases to 47.37%, and when the
wave level reaches five, the rocking reduction effect is no longer available. However, when the wave
level is four to five, the ship will basically choose to enter the harbor to avoid the wind, so the proposed
rocking reduction dual gyro device model can basically satisfy the daily operation of the ship in
complex sea conditions.

Taking “Jinghai” JH-750 unmanned boat of Shanghai University of China as an example, the validity
of the optimization method of the rocking reduction double gyro parameters proposed in this paper
is examined, and simulation experiments of the optimization of the rocking reduction double gyro
parameters are carried out. In the North Atlantic simulation sea state environment of sea state 1 (Yi
wave height 2.5m, average period 7s) and sea state 2 (Yi wave height 2.5m, average period 12 s), the
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rocking reduction efficiency of the rocking reduction double gyro can reach 92.04% and 89.38%
respectively, and the maximal transverse rocking angle amplitude value is also decreased from 20.1°
and 11.3° to 1.6° and 1.2° respectively, so that the effect of the reduction of the rocking of the ship's
transverse rocking is The effect of reducing the ship's transverse rocking is obvious. After adopting the
parameter optimization method in this paper, the initial rocking reduction effect of the ship rocking
reduction system under sea state 1 and sea state 2 is 91% and 88.24% respectively, which is 6.44%
and 10.09% higher than that before optimization.

Overall, the rocking reduction double gyro model based on nonlinear dynamic equations and the
rocking reduction double gyro parameter optimization model proposed in this paper can better realize
the optimization and improvement of the rocking reduction double gyro, and better enhance its
rocking reduction effect on the ship.
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