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Abstract:

Ships are prone to significant roll motion while sailing in adverse conditions, posing a serious threat to ship safety and
maneuverability. Therefore, effective ship motion control is crucial. Integrating the MPC control algorithm with a
gyrostabilizer can effectively achieve this goal. To evaluate and compare control strategies, a multi-objective model
predictive control is proposed that integrates considerations of ship motion, safety, and energy consumption to conduct the
operation concurrently. By assigning different weights to these factors, the study aims to discern the varying impacts on
control effectiveness. The response of ship roll motion in beam waves is evaluated through roll hydrodynamic modelling,
accounting for wave memory effects. A state-space model of ship and gyrostabilizers is proposed to represent their dynamic
interaction and response to external moment. Subsequently, the influence of different weightings in the multi-objective
model predictive control is compared, and the control performances of a frigate under different wave conditions are
analyzed respectively. The multi-objective model predictive control, with varied weight assignments, leads to distinct
reductions in roll motions. This investigation offers valuable insights into controlling roll motion in beam wave conditions,
effectively reducing motion under varying sea conditions, and providing alternative guidance tailored to user preferences.
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1 Introduction

The motion of ships can be significantly affected by rolling during tough weather conditions, which can
seriously impact safety and pose considerable risks to maneuvering operations. Therefore, effectively controlling
the motion of the ship is crucial. The previous research has predominantly concentrated on performance
optimization of hydrodynamic equipment and ship safety improvement in the design phase [Irkal, 2019; Kang,
2013], addressing realistic sea conditions with random wave frequencies and directions presents challenges. In
these scenarios, eliminating roll motion may not be realistically achievable. However, the adoption of a
reasonable strategy or system for controlling ship motions in waves could greatly enhance ship safety.

Recently, there has been a lot of research on different real-time control techniques for ship motion [Li,
2016a; Liu, 2020]. When it comes to controlling the roll motion of a ship, it's crucial to have data about the
excitation moment. There are two main methods for obtaining information about the wave excitation moment:
one is using CFD (Computational Fluid Dynamics), which calculates the NS (Navier—Stokes) equations taking
into account fluid viscosity and the nonlinear interaction of the ship and the wave [Gao, 2020; Hu, 2021].
However, the method requires excessive computational time to achieve more accurate results. The alternative
method, known as potential flow theory, it relies on the Laplace equation and does not take into account viscous
effects [Li, 2016b; Li, 2019]. It determines the total wave moment by integrating pressure across the wet surface
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over time. Additionally, based on the same foundational theory, the impulse response theory was proposed to
precisely analyze ship motion response [Cummins, 1962]. This theory represents wave radiation moment as a
convolution term, albeit at the cost of reduced calculation efficiency. Subsequently, the state space function was
introduced as a replacement for the impulse response model and has been widely used to enhance calculation
efficiency [Taghipour, 2008; Zhang, 2024], thus demonstrating a significant improvement in analysis efficiency
[Zhang, 2016].

On the other hand, the roll stabilization devices as external systems insignificantly affect the lightweight of
ship. However, they are susceptible to damage and might lose effectiveness when the vessel is not in motion
[Townsend, 2014]. In contrast, internal systems represented by the gyrostabilizer, do not contribute to the
increased hydrodynamic resistance and are notably effective even when the vessel is stationary. The
gyrostabilizer remains effective irrespective of its position within the hull. Although it has demonstrated
excellent performance in certain sailing conditions, reducing roll by up to 95% (RMS) at most [Palraj, 2020], its
application has been restricted due to the high cost and the absence of adequate controls to sustain performance.
Recent innovations in materials, mechanical engineering, and control systems have enabled effective utilization
of gyrostabilizers for enhanced roll motion control and stability in marine vehicles such as yachts [Takeuchi,
2011]. These advancements in control systems facilitate real-time monitoring and adjustment of dynamic
characteristics [Perez, 2009a]. Moreover, experimental studies on barges demonstrate that gyrostabilizers can
reduce roll motion by nearly half [Palraj, 2021]. However, the results suggest that the gyrostabilizer has already
reached its limitations based on existing control algorithms. To fully develop its potential in control performance,
integrating the gyrostabilizer with robust control algorithms presents a promising approach to maximizing its
control performance potential and finding practical solutions for non-linear systems [Tiwari, 2021].

Control algorithms play a crucial role in optimizing ship motion. In response to challenges posed by
nonlinear dynamics induced by waves, researchers have extensively explored the traditional PID control method
for its straightforward structure and ease of tuning [Tomera, 2017; Hu, 2023a]. However, it struggles with the
complexities of nonlinear dynamics caused by turbulent waves. Fortunately, advancements have led to the
development of intelligent algorithms, among which LQR (linear quadratic regulator) and MPC (model
predictive control) stand out as optimal methods [Pascoal, 2005]. Despite their effectiveness, PID and LQR may
falter in scenarios involving time delays and can exacerbate oscillations when encountering input or rate
saturation issues [Lee, 2011]. The PID control algorithm combined with an active gyrostabilizer is proposed to
adjust roll motion using precession angle input [Song, 2023], comparative results show that the active
gyrostabilizer can markedly decrease the amplitude of rolling resonance compared to the passive gyrostabilizer.
On the other hand, MPC is particularly promising because it integrates disturbance rejection, manages
constraints, handles slow-moving dynamics, and incorporates energy conservation strategies into its controller
design, making it better suited for nonlinear systems and system delays [Li, 2018]. MPC has seen increasing
applications in sophisticated engineering control [Kang, 2021], including path following [Sandeepkumar, 2022],
the vibration of platform [Ma, 2022], autonomous ship avoidance [Zhang, 2022], dynamic positioning [Li, 2017],
roll motion stabilization [Jimoh, 2021], and room temperature control [Aswani, 2012]. These results demonstrate
effectiveness and achieve fast dynamic responses with strong robustness. Among these, the cost function directly
affects control performance. For instance, in the room temperature control application using MPC, a
dual-objective cost function was employed. The first objective minimized the squared tracking error between the
room temperature and the setpoint across the control horizon. The second objective focused on optimizing
energy consumption throughout the control period based on the control inputs. Similarly, a disturbance rejection
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MPC strategy is implemented to dampen vertical motions of a passenger ship [Kucukdemiral, 2019], where the
cost function focused on minimizing tracking error and control signal change with evenly assigned weightings.
While these cost functions efficiently addressed single or two-term objectives to achieve optimal solutions, they
often overlooked the inherent complexity in balancing multiple competing objectives simultaneously. This
limited their flexibility in evaluating alternatives under varying conditions.

When applied to ship motion control environments, integrating MPC with gyrostabilizer for motion control
is highly feasible and beneficial, which has been applied successfully in a single-track vehicle [Chu, 2017]. MPC,
known for its ability to handle complex dynamics and optimize control inputs, can utilize angular velocity data
from gyrostabilizer as key state variables or observation inputs. This incorporation allows MPC to make more
accurate predictions about future system states. Additionally, the real-time feedback provided by gyrostabilizer
enables MPC to continuously update and refine its model, which enhances prediction accuracy and system
responsiveness. The combination of these technologies results in improved control precision, better handling of
dynamic changes, and overall enhanced performance in motion control applications. For roll motion control
analysis, previous studies focused solely on the roll angle as the cost function [Hu, 2023b]. With the
circumstance that the roll angle is less than 5 degrees, the system activates, potentially impacting energy
efficiency. So on the basis of combining MPC method with gyrostabilizer, this paper proposes a unique cost
function aimed at adjusting the ship roll motion according to user requirement. This adjustment transforms roll
motion control into a multi-objective model predictive control problem, allowing for a more comprehensive
balance of different motion control objectives. This approach is suggested to offer more practical and balanced
roll control solutions [Shu, 2024]. Notably, the study simultaneously considers three key factors: ship motion,
safety, and energy consumption, a relatively rare approach in prior research. The cost function in this study is
constructed by integrating several motion-related objectives:

(1) To maintain the roll angle within a safe limit: This objective prioritizes keeping the ship’s roll within a
predefined safe range to ensure stability and prevent excessive rolling, which can pose risks to the
vessel.

(2) To avoid damage to the hull structure: This objective aims to protect the integrity of the ship's hull to
avoid potentially structural damage or fatigue, ensuring the vessel's long-term structural health and
safe.

(3) To minimize the energy loss as much as possible: Energy efficiency is crucial in reducing operational
costs. Minimizing control moment can help reduce energy losses associated with excessive
gyrostabilizer motions, contributing to overall fuel savings and environmental sustainability.

By incorporating these objectives into the cost function, the study seeks to achieve a balanced approach to
ship roll motion control, considering both safety and efficiency concerns. According to the principles of optimal
control, MPC method is employed to derive control strategies and implement them in real-time adjustments of
the gyrostabilizer, aligning its motion with the ship’s movement. This study primarily focuses on optimizing roll
motion while prioritizing ship safety and minimizing energy consumption. Here are the highlighted contributions
of this work:

(1) Introduction of a unique cost function: The proposed cost function integrates considerations of ship
motion, safety, and energy consumption. By incorporating these diverse factors, it provides a more
comprehensive evaluation of control effectiveness. This approach enables smoother adjustments based
on the controller's decisions, enhancing overall control performance.
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(2) Weighting analysis of factors: Different weights are assigned to the aforementioned factors to compare
their respective influences on control ability. Through this analysis, the most sensitive factor in motion
control will be identified, facilitating targeted improvements in control strategies.

(3) Proposing a multi-objective model predictive control: Integrating the multi-objective model predictive
control with gyrostabilizer and wave memory effect collectively enables the robust handling of
nonlinear dynamic models, developing a precise and highly effective control strategy.

This study presents a theoretical framework for employing multi-objective model predictive control to
stabilize the roll motion of ships. The following sections are organized as follows: Section 2 details the ship roll
control framework. Section 3 introduces a method using multi-objective model predictive control. Section 4
includes a case study analyzing different beam wave conditions, accompanied by plausible explanations.
Conclusions are summarized in Section 5.

2 Gyrostabilizer and roll motion control combination

The gyrostabilizer operates on the principle of the conserving angular momentum, effectively controlling a
ship’s motion, its key component are depicted in Fig. 1. In a single-axis gyrostabilizer, the flywheel is spun
around its axis by a motor. This rotation allows it to resist changes in orientation caused by external moment.
Once connected to the ship, the gyrostabilizer counters rolling by limiting the flywheel's rotation. When a steady
external moment or angular speed acts, its axis precesses, maintaining constant angular motion perpendicular to
the external moment. Despite being installed in the hull, the gyrostabilizer offers efficient use of space utilization
compared to other devices and is easy to maintain.
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Fig. 1 Sketch of gyrostabilizer system of active control. Fig. 2 Arrangement of dual gyrostabilizers.

The gyrostabilizer include passive and active depending on how the flywheel spin axis is oriented. Active
gyrostabilizers, as utilized in this study, demonstrate superior performance by actively controlling the precession
torque regardless of operating conditions, thereby enhancing gyro efficiency [Palraj, 2020]. Fig. 1 illustrates the
schematic of an active gyrostabilizer. However, relying solely on a single gyrostabilizer to generate control
moments can pose issues. Variations in flywheel nutation direction and output moment may cause unexpected
ship movements such as unnecessary yaw or pitch. To mitigate this, dual-flywheel setups spin in opposite
directions to prevent ship motion around the precession axis [Townsend, 2007], just depicted in Fig. 2. Both
flywheels spin at equal speeds but opposite directions, cancelling out undesired torques like pitch and yaw while
doubling the control roll moment. The gyrostabilizer is designed to fit within the ship's inner hull dimensions and
is positioned along the centerline to align closely with the ship's center of gravity, with the gimbal axis
consistently perpendicular to the direction of the waves.
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According to the impulse response theory [Cummins, 1962], roll motion typically emerges as the
predominant factor in beam seas, a phenomenon extensively explored in prior research [Hinostroza, 2015; Jimoh,
2021]. Thus, the well-known roll motion model and the precession motion with gyrostabilizers can be explained
in the following:

1LB(0)+ |, ht=2)H)d 7+ Kp(t) = My ()M (1)
1, At)+B, B(t)+C, A(t) = 1, d(t) cos AE) + M, ()

where |, denotes the mass moment of inertia of the ship; #(t), 4(t), ¢(t) represent the vessel’s roll angle,

()]

velocity, and acceleration, respectively; K signifies the coefficient for restoring the ship's roll moment. Given
the complexity of the nonlinear restoring moment solution, a piece wise method is used to linearize it to reduce
calculation time [Hu, 2018]. Consequently, K is approximated as a linear function of ¢(t); and hstands for

the fundamental function for delay in the time-domain, reflecting the memory effect of the free surface, it can be
obtained either from the added mass J_(w) or the potential damping B(w) in the frequency domain [Hu,

20230]; M (t) =—mla, B(t)cos A(t) is the reactive moment of gyrostabilizer; here, m=2; M,(t) denotes

the control moment; |, represents the inertia of the spinning flywheel around the precession axis; | denotes
the polar moment of inertia relative to the reference point; @, represents the spin angular velocity; B, is the
frictional damping coefficient; c, stands for the restoring coefficient influenced by the spinning flywheel's

mass distribution; (), At), At) is the angle of precession, its velocity and acceleration respectively. The

control moment M, (t) is considered as the manipulated variable, and ¢(t), §(t), A(t), S(t) are referred to as

states. M, (t) represents the wave excitation moment that is calculated by potential theory and expressed as
follows:

Myae () =M () +M, (1), (2

where M, (t) represents the Froud—Krylov (F-K) moment; M, (t) signifies the diffraction moment generated
by the wave passing through the floating body [Suner, 2022; Bu, 2020]. In the scenario of beam waves, M, (t)
is calculated based on the Froud—Krylov hypothesis. The sea condition adopted in the paper is the JONSWAP
wave spectrum, widely acknowledged as representative of conditions where the majority of marine vessels
operate.

3 Model predictive control

3.1 MPC theory

The left plot of Fig. 3 outlines the MPC control diagram. At each discrete sampling instant, the optimization
computes increments that minimize the cost function within current constraints. This optimization predicts the
controlled variable based on the current state vector. It then executes the optimal input, reassesses the system's
state, and updates the plant's current state with the optimal control input [Fossen, 2011]. MPC systems consist of
key components: a system model, a cost function, constraints, an optimization method, and a control horizon, all
of which impact the control performance. MPC calculates the applied input using predicted system behavior,
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accommodating state constraints and optimizing the specified cost function [Findeisen, 2002]. In MPC, the
system model is used to generate a control vector by minimizing a specified cost function while considering
disturbances and constraints [Afram, 2014; Lawrynczuk, 2023]. The cost function can encompass factors like
control effort, energy cost, or power consumption [Lawryhczuk, 2023]. Constraints are applied to actuators'
limits and variables. The controller simulates predicted system responses to compute the control vector,
effectively regulating processes within defined limits. Therefore, nonlinear MPC enables precise
decision-making, rendering it a widely used predictive control strategy in real-time scenarios.

The right plot of Fig. 3 is the detailed flowchart of MPC working principle. Firstly, the initialization gives
the state, objective, constraints, initial condition and et al. Then it defines the system model, formulates the
optimization problem, solves the problem to get control inputs, and finally applies these inputs to the system
while updating state and model. This study employs the nonlinear MPC method for ship motion controlling in
different waves. Sections 3.2 and 3.3 provide detailed discussions on the state space representation and cost
function, respectively.
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Fig. 3 Detailed description of MPC method (left) closed loop control; (right) flowchart of MPC control
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3.2 State space representative

Eq.(1) presents challenges for control strategy implementation due to the integral form of the radiation
moment, so it utilizes frequency domain identification methods for improved accuracy [Zhang, 2024; Perez,
2009b]. This dynamic model integrates states, memory effects, and manipulated variables into a state-space
representation, as demonstrated in Eq. (3).

Is¢(t) +CU(t) + K¢(t) = Mwave (t)-M gs (t)
I, A(t)+B, () +C, () = |, d(t) cos A(t) + M. (t), ®)
u(t) = A-u(t) + B- g(t)

where g(t) e R™ is the state vector incorporating the memory effect caused by the free surface; A, B, C are

the state-space representation derived directly from the transfer function. These representations are estimated
using system identification method [Taghipour, 2008; Hu, 2023b], which is not addressed in this paper.

A state vector is defined as  X(t) =[¢(t), A(t), (L), At),ut)' T e R™*. Then, Eq. (3) can be rewritten as
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X(0) = -x(t)+7(0)

0 1 0 0 0 0
M
_IE 0 0 _i_s(t) B M
y=l 0 0 0 1 ol pm= o0 | @
o e & B M,
IQ Ig Ig Ig
0 C 0 0 A i 1

Eqg. (4) serves as an analytical Jacobian matrix within the prediction model, significantly enhancing
simulation efficiency and streamlining the implementation of the control algorithm. Initial conditions are
necessary for solving Eq. (4), utilizing a fourth-order Runge-Kutta method with a system order of n=4. This

study focuses on motion control simulation, encompassing eight states and one manipulated variable.

3.3 Cost functions and constraints

In MPC, the cost function and constraints, as depicted in Fig. 3, are fundamental. The approach involves
tackling the problem over a finite horizon, ensuring real-time adaptability in a receding horizon manner. The cost
function is fundamental as it defines the desired system behaviour, crucial for stabilizing the system and
achieving specific performance targets. In ship motion control systems, objectives such as minimizing energy
consumption, preventing ship structure damage, and reducing roll motion often compete with each other. A
trade-off is achieved by assigning weights to these factors within the cost function. In the quadratic cost function
typically used in MPC, these weights determine the balance between control effort and control error. This
ensures that the control action is both effective and efficient, aligning with operational goals. To assess the
impact of control strategies, a multi-objective cost function as detailed in Eq. (5) and Eq. (6) are employed. This
function provides a comprehensive evaluation of control performance, considering various influences pertinent
to MPC methodologies.

min ‘]c (X_n (t)v 77_n (t)1 Tp st)
Jo =F( (0,7, (O: T, T) :

IR OO R OEINO ST S TRORY IO

®)

where ||>!<||2 =(%)"(*) denotes the Euclidean vector norm, T, is the prediction horizon of MPC and T, is
the sample time; the semicolon “;” within a function argument indicates that the following symbols should be
interpreted as additional parameters, i.e. f(z;») means the value of the function f at zwith the parameter
7. X u(t), X ,,(t) represent the roll angle and reactive moment excited on the ship after orthogonalization,
respectively. 77 ,(t) denotes the control moment excited on the gyrostabilizer after orthogonalization. X (s),
X ng (s) and 777n1(5) correspond to given setpoints, which are the desired state vector parameters. The matrices

Q, R, and M are selected as positive semi-definite matrices, as indicated in Table 1.
The first term in J, represents the squared sum of the control error, indicating the difference between
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actual roll and desired roll over the control horizon. The second term is intended to mitigate potential ship
structure damage, represented by reactive moment. The third term signifies the control moment applied to the
gyrostabilizer, which directly impacts energy consumption in active control systems. Efforts to optimize energy
consumption in gyrostabilizers often focus on balancing the effectiveness of the control moment in reducing roll
motion with the overall energy efficiency of the system. This balance ensures improved ship stability without
unnecessary energy consumption, enhancing vessel performance and sustainability. Additionally, minimizing
large control moments is crucial as they may pose risks to the ship's structure. Each term of the function J,

employs square norms due to the beneficial numerical properties they confer to the entire MPC optimization task.
J. represents the comprehensive cost function that integrates these three factors, each assigned different
weights k, k,and k;, subject to specific constraints outlined in Eq. (6). A higher value of k signifies

greater emphasis on controlling roll motion and achieving minimal roll angles, potentially increasing the control
moment and leading to ship structure damage.

st. X, () =y-X () +7,@)
N=T,/T,

X () elx,%] :
iki =1 k €[0,1]
);_n (O) = Xi

where the initial constraint involves the permissible states of the ship and the gyrostabilizer's hydrodynamic
characteristics within the system's space. The subsequent constraint deals with the relation among calculation
timestep, prediction horizon and the sample time. The third constraint concerns boundary conditions for the
states, where the subscripts | and u denote lower and upper bounds, respectively. The fourth constraint
establishes relationships between different weights and their permissible ranges. The final constraint ensures that
the initial state of the roll motion control equation meets the required condition.

Considering that accuracy and stability are sufficient in the simulation, the sample time T, issetto 0.1 s.

(6)

nitial

Additionally, to ensure desired control performance, both the prediction time and control time should be kept
relatively short, the prediction horizon T, is 50 s. The matrices Q, R, and M choice depends on the magnitude

relationships between the elements considered in the cost function. The limitation of states and weights
interval are obtained by interviewing with the experts in the gyrostabilizer and control domain. Also The MPC
controller is implemented using the MATLAB Model Predictive Controller Toolbox, offering users flexibility to
customize parameters such as the cost function and state space. The dynamic optimizer module is utilized by
default. All computations are performed on a 16-core (Intel Xeon, 2.4 GHz) server computer.

Table 1 MPC controller parameters

Particulars Value

T 0.1s

Tp 50s

Q diag(1 0 0 0 0 0 0 O]
R diag(0 0 0 001 0 0 O O]
M diag(0 0 0 001 0 0 O O]
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4  Case study

The frigate DTMB 5415 is adopted as the test ship for analysis. The calculated coefficients, including added
mass J, (w), potential damping B(w) and others are acquired through system identification [Hu, 2023b].

Table 2 provides the primary data concerning the DTMB 5415 and the gyrostabilizer, respectively.

Table 2 Main data of DTMB 5415 and gyrostabilizer

Objective Particulars Value
Length of all (Los) (M) 153.300
Length of perpendicular (Lyp) (m) 142.200
Breath of waterline (By) (m) 19.074
Depth (D) (m) 12.470
Draft (T) (m) 6.150

DTMB 5415
Displacement (A ) (m°) 8424
Metacentric height (GM) (m) 1.938
Centre of gravity above base line (KG) (m) 7.555
Roll radius of gyration (ke«-water) (m) 6.932
Pitch and yaw radius of gyration (ky-air) (m) 36.802
Transverse inertia moment Ig (t-m?) 20000
Polar inertia moment | (t - m?) 40000

B Damping B, (t = m?s) 50422.81

gyrostabilizer Restoring moment C, (t + m?/s?) 435.03
Speed of revolution o, (rpm) 400
Mass (t) 53

4.1 Validation of state-space model

The performance of MPC control is validated by comparing with existing literature. The initial
hydrodynamic coefficients are cross-checked against those estimated using the state matrices, affirming the
reliability of the parameters utilized in the state-space model. Moreover, the roll RAO with different wave
frequencies calculated by AQWA with experimental data are shown in Fig. 4 [Begovic, 2013], where ¢

represents the roll amplitude, k and A are the wave number and wave amplitude, @ and L, are the wave

frequency and the ship length, respectively; g denotes the acceleration due to gravity. The comparison between
numerical simulation and experiment suggests qualitative confirmation of the computational findings.
Furthermore, when the dynamic system of the MPC model receives no control command, the roll motion control
model's response is solely driven by the wave moment. The results indicate a slight discrepancy between the
response simulations of the hydrodynamics model and the state-space model, with a maximum error of 5%, as

depicted in Fig. 5.
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Fig. 4 Comparison of roll RAO. Fig. 5 Roll motion response result (regular wave, ©»=1.227 rad/s; H =0.817).

On the other hand, the proposed MPC with gyrostabilizer control for a specific ship under irregular sea
waves is validated against existing literature [Liu, 2022]. The wave condition follows a JONSWAP spectrum
with a significant wave height of 2m, depicted in Fig. 6, and the roll motion control is achieved using an active
gyrostabilizer. Fig. 7 illustrates the active control activities for different considered methods. Table 3 highlights
that the maximum roll magnitude decreases from 14.523 degrees to 1.610 degrees and 0.303 degrees,
respectively. Similarly, the roll angle standard deviation reduces from 7.244 degrees to 0.780 degrees and 0.073
degrees, indicating reductions of approximately 89.22% and 98.74%, with the gyrostabilizer alone and the
combination of gyrostabilizer and MPC method, respectively. That is, with the application of the gyrostabilizer
[Liu, 2022], only 10% standard deviation remains, whereas the current method achieves a standard deviation of

just 1%.
0.6 4 157" Not controlled
—— Active controlled(Gyro, Liu)
------ Active controlled(Gyro+MPC) ; i
0.4 104, L on o Aohoa oo "
E 024 54
= —
5 g
5§ 00 T 1
o o
2 s
Qo -5 4
§ -0.2- °
_10 . L]
-0.4 4
-15 -
-0.6 T T T T 1 T T T T 1
0 100 200 300 400 500 100 110 120 130 140 150
t(s) t(s)
Fig. 6 Irregular wave moment (irregular wave, H =2m). Fig. 7 Roll motion result comparison for different stages.
Table 3 Roll amplitude comparison
] MPC+gyrostabilizer
Particulars Without control Gyrostabilizer [Liu, 2022]
(Present method)
Maximum roll magnitude (deg) 14.523 1.610 0.303
Mean roll magnitude (deg) -0.196 -0.050 -0.148
Roll angle standard deviation (deg) 7.244 0.780 0.073
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4.2 Case study with regular wave

Table 4 Wave parameters

Wave type Wave parameters Value

@ (rad/s) 0.614

Regular beam wave H (m) 3.269
T @) 10.228

A study is conducted to compare the effects of different weights on ship roll motion control. The wave
parameters are detailed in Table 4. The study considers cases for both regular and irregular beam waves, as
shown in Fig. 8, where the green background are the calculated cases, and the black line is the boundary of the
scenarios. In total, there are 36 scenarios corresponding o different combination of assigned weights k;, k,

and K;. When the initial condition is k =0 and k,=0, the system operates under original hydrodynamics
calculations without control. Conversely, setting k; =1 replicates the previous investigation where only roll

angle is considered in the cost function. Therefore, varying k, from 0 to 1 spans between these two conditions.

0.2
0.3
0.4
k1 05
0.6
0.7
0.8

0.9

1 09 08 07 06 05 04 03 02 01 0
k2

Fig. 8 Case study under regular and irregular wave.
Fig. 9 illustrates the roll angle changes with k, when k =0.1. On the left, the roll angle varies between
approximately -4.0 degrees to 4.0 degrees, decreasing as K, increases. At k, =0.9, the average peak value

reaches a minimum of about 0.329 degrees. The results of maximum magnitudes and peak averages of roll angle
are presented in Table 5. Due to the regular wave condition, the time-domain average of the roll angle is small,
thus the peak average is utilized for comparative control results. A similar trend is observed for k, =0.7 in Fig.

10, where the roll angle ranges from -2.5 degrees to 2.5 degrees, with the smallest amplitude occurring at
k, =0.3. For any k, value ranging from 0.1 to 1.0, the trend indicates that the roll angle decreases to a

minimum as Kk, increases, under the condition k +k, <1. The reason could be attributed to the weight
assignment in Eq. (6), with a fixed weight of k; on the roll angle, an increasing k, implies a greater reactive
moment and reduced weight of the control moment. For k =0.1 in Table 5, the roll angle decrease with

increasing k,, until k, =0.9, where the weight of k; is 0, indicating no constraint on the control moment.
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Consequently, the control moment, represented by the precession angle, maximizes to achieve the minimal roll
angle. This trend persists regardless of the k, value chosen.

4

3

Roll angle (deg)

Precession angle {deg)

Fig. 9 Roll angle and precession angle amplitude change with
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Fig. 10 Roll angle and precession angle amplitude change with k, for k; =0.7 (left) roll angle; (right) precession angle.
On the other hand, the changes in precession angle with respect to weight k, under different k are

depicted in Fig. 9 and Fig. 10. The precession angle exhibits a periodic response pattern to the regular wave
conditions, ranging from approximately -4 degrees to 4 degrees for k =0.1, and expanding to about -4.5

degrees to 4.5 degrees for k =0.7, with the peak average at about 3.413 degrees and 3.672 degrees respectively,
as shown in Table 6. For a fixed k,, the trend indicates that the precession angle increases with k, . Initially,
when k, issmall, the change in precession angle is moderate, but as k, becomes larger, the variation becomes
more pronounced. The precession angle increases sharply when K, reaches its limit due to no constrain on the
control moment. Because of the regular wave action, both the roll angle and precession angle exhibit consistent
behaviour.

Table 5 Maximum magnitude and peak’s average of roll angle and precession angle result for regular wave ( k; =0.1)

Particulars
Weights  Value Roll angle (deg) Precession angle (deg)
maximum  peak’s average maximum peak’s average
K, 0 4.106 2.181 1.040 0.664
0.1 4.091 2.174 1.042 0.610
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0.2 4.069 2.164 1.045 0.620
0.3 4.047 2.153 1.048 0.629
0.5 3.963 2.113 1.068 0.668
0.7 3.731 2.004 1.163 0.777
0.9 0.481 0.329 4.265 3413

Table 6 Maximum magnitude and peak’s average of roll angle and precession angle result for regular wave (k, =0.7)

Particulars
Weights  Value Roll angle (deg) Precession angle (deg)
maximum  peak’s average maximum peak’s average
0 2.660 1511 1.736 1.327
K, 0.1 2.281 1.338 1.994 1.541
0.2 1.646 1.048 2.456 1.942
0.3 0.081 0.033 4.644 3.672

The average peak values for different weights are presented in Fig. 11. In addition to peak values, trough
data are also included to enhance data integrity. In the left panel of Fig. 11, the initial roll angle is noted to be
approximately 10.25 degrees, which represents its maximum. As k; increases, the roll angle decreases sharply,

indicating a strong dependence on k;. Conversely, when k; is held constant, the roll angle changes more
gradually with Kk, , suggesting that the roll angle exerts dominant control compared to the reactive moment. The
diagonal shadow signifies the minimal roll angle achieved under the current conditions. The right panel of Fig.
11 illustrates that the maximum precession angle is attained at the diagonal position. Furthermore, as Kk
increases, the average peak value of the precession angle also increases, reaching 5 degrees when k =1 and
k, =0. This quantitative result aligns with our hypothesis, indicating that the optimization process has identified

an optimal solution for minimizing roll motion while maximizing precession angle adjustment. Thus, the
parameters chosen for this study are deemed reasonable, and the control process and methods appear stable
under regular wave conditions. Moreover, varying weights of k and Kk, yield different control effects,

offering flexibility in controlling motion according to specific application requirements. This flexibility can be
particularly useful for fine-tuning motion control, potentially saving energy and costs while preventing structural

damage.

Roll angle (deg) Precession angle (deg)
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Fig. 11 The peak value’s average for different weights (left) roll angle; (right) precession angle
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4.3 Case study with irregular wave

Expanding on the analysis of regular wave, the control strategy is extend to irregular wave conditions. The
wave moment is modelled as a stochastic process using the JONSWAP spectrum, detailed in Table 7. Fig. 12
depicts the roll motion response in the time domain. Specifically, the analysis focuses on the time interval
between 100s and 150s, highlighted in the blue box.

Table 7 Wave parameters

Wave type Wave parameters Value
spectrum JONSWAP
), (rad/s) 0.885
Irregular beam wave
H, (M) 6
4 1

—— Hydrodynamic calculation
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Fig. 12 Roll motion response (random wave, H,=6m, ¢, =0.885 rad/s).

Due to the stochastic nature of irregular waves, the resulting conditions lead to unpredictable motion
responses of the ship. Additionally, the precession of the gyrostabilizer can be affected under these conditions.
Consequently, the roll angle variations with different k; exhibit irregularities. However, the overall tendency is
analogous to that observed under regular wave conditions. Table 8 lists the peak average and maximum values of
the roll angle and precession angle. During the 50-second control process, for k, =0.1 as depicted in Fig. 13,
the roll angle ranges from approximately -6.6 degrees to 6.6 degrees, gradually decreasing until k, =0.9 where
the peak average reduces significantly to 1.790 degrees. Simultaneously, the precession angle continues to
increase, ranging from -20 degrees to about 25 degrees, with a maximum of 24.990 degrees and a peak average
of 14.679 degrees. Conversely, under k =0.7, as shown in Fig. 14, the roll angle ranges from -2.5 degrees to
3.2 degrees, achieving a minimum of about 0.799 degrees and a peak average of 0.308 degrees at k, =0.3.
Correspondingly, the precession angle reaches its maximum at 36.365 degrees with a peak average of 19.501
degrees, as detailed in Table 9. The tendencies of roll angle and precession angle changes under random wave
conditions mirror those observed under regular waves, whether assessed by maximum values or peak averages.
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Fig. 13 Roll angle and precession angle amplitude change with k, (k =0.1) (left) roll angle; (right) precession angle.

Precession angle (deg)

s
B
o
/

8 8

=
o
L

Precession angle (deg)
B 5
L ‘

ro

10

o

40

[
I | -20
4 0
60
- k2 40
20 1(s) € 02 20 t(s)

03 o 03 o

Fig. 14 Roll angle and precession angle amplitude change with k, for k; =0.7 (left) roll angle; (right) precession angle.

Table 8 Maximum magnitude and peak’s average of roll angle and precession angle result for irregular wave ( k; =0.1)

Particulars
Weights  Value Roll angle (deg) Precession angle (deg)
maximum  average of peak  maximum average of peak

k, 0 6.604 4.176 16.554 13.114

0.1 6.532 4.102 19.87 13.233

0.2 6.432 4.003 23.997 13.471

0.3 6.333 3.904 24.625 14.342

05 6.002 3.595 24.767 14.4635

0.7 5.375 3.314 24.909 14.585

0.9 3.463 1.790 24.990 14.679

Table 9  Maximum magnitude and peak’s average of roll angle and precession angle result for irregular wave (k, =0.7)

Particulars
Weights  Value Roll angle (deg) Precession angle (deg)
maximum  average of peak  maximum average of peak
k, 0 3.199 1.654 21.419 15.155
0.1 2.759 1.328 22.821 15.869
0.2 2.090 1.015 25.610 17.169
0.3 0.799 0.308 36.365 19.501
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Fig. 15 illustrates the average peak values for different weights, where the left panel shows the roll angle
and the right panel represents the precession angle. In the left panel shadow, it is evident that the roll angle
decreases along the diagonal line, reaching its maximum when k and k, are zero. Generally, as k;
increases, the roll angle decreases noticeably. Conversely, the trend is less pronounced when K, increases,
indicating that the weight of k; has a more sensitive impact on the control effect. This phenomenon is also
reflected in the precession angle shown in Fig. 15, where it peaks at approximately 45 degrees when k =1.
With the condition where k, =1, the precession angle decreases to around 6.5 degrees, which is smaller than
that observed with k =1. Throughout this process, adjusting the weights of k and k, allows for flexible
intermediate control effect, helping to avoid energy waste and structure damage in roll motion control scenarios.
The results from both regular and irregular wave motion control indicate that different motion control effects can
be achieved by adjusting the weights of roll angle, control moment, and reactive moment. Furthermore, the
observed trends under irregular waves closely mirror those under regular waves, demonstrating that the proposed
multi-objective model predictive control and gyrostabilizer methods, provides a versatile control strategy under
varying wave conditions. This approach can effectively control ship roll motion according to user requirements,
regardless the waves are regular or irregular.
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Fig. 15 The peak value’s average for different weights (left) roll angle; (right) precession angle.

5 Conclusions

This study introduces a multi-objective cost function for the evaluation of the roll motion control
performance based on the combination of MPC and gyrostabilizer, and considering the retardation effects of
waves. Unlike previous investigations, this multi-objective model predictive control approach integrates
considerations of roll motion, potential structural damage, and energy consumption to conduct the operation by
assigning different weights to each factor. Consequently, the proposed method offers flexible control capabilities
tailored to user requirements, based on solutions derived from nonlinear dynamic models. The study
accomplishes roll motion adjustment for a frigate model under different wave conditions. It compares the
maximum amplitudes and average peak values of roll angle and precession angle across different weight
configurations. The analysis explores the changing trends observed under various weights in both regular and
irregular wave scenarios. It examines different control effects and provides explanations for observed outcomes.
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Results indicate that the multi-objective model predictive control approach, with its assigned weights, effectively
reduces roll motions to small degrees. This analysis offers valuable insights into managing roll motion in
challenging wave states and proposes a practical approach in the field of ship motion control, thereby
contributing to advancements in maritime engineering practices.

The current research primarily concentrates on analyzing the model framework in theory. However, it
exhibits certain limitations, such as the linearization of nonlinear restoring terms in state-space model solutions
and a lack of experimental validation. Future work will explore the discrepancy caused by linearization further to
ensure the accuracy in a higher level, and involve conducting related experimental research on combined
systems implemented in real ships. Moreover, predicting future wave moments is crucial for real-time control in
ships, and efforts are underway to achieve this using artificial neural networks. Furthermore, the analysis thus far
has primarily focused on 1-degree-of-freedom (1-DOF) roll motion control. Future investigations will explore
the coupling of roll motion with other directional motions such as pitch and heave under irregular beam waves.
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