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Abstract

Reducing the roll response of ships between irregular waves is an important issue for the operational requirement. This study presents a roll
dynamics model for a passenger ship equipped with active fins. In this study, a Kalman Filter was applied to accurately estimate all states from the
measurement of total roll motion and roll velocity (based on fins and waves), even in the presence of measurement noise. Synchronously, a linear
quadratic gaussian (LQG) controller actively drives the fins to minimize roll motion and velocity by taking the fin amplitude and rate saturations
together. Two different sea states were modeled for the simulation purpose. Results demonstrate the success of the state estimation approach and

the remarkable potential of the LQG strategy in roll reduction.
Keywords: Roll stabilization, Kalman filter, LQG

1. Introduction

The challenge of managing roll motion on ships in demanding
marine environments is crucial for maintaining safety and
comfort standards. Excessive ship rolling raises significant
concerns. It can create lateral acceleration that hinder the
efficiency of crew operations, increase the duration of tasks,
and, in severe cases, render the vessel non-functional. Moreover,
the pronounced roll motion can induce vertical acceleration
that lead to seasickness in both the crew and passengers,
thereby affecting their comfort and operational capabilities. For
cargo ships transporting delicate goods, like perishable items,
excessive rolling can cause damage to the cargo. Additionally,
extreme roll angles can limit the operation of vital equipment,
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an issue of particular importance for naval vessels engaged
in tasks such as weapon system operations, deployment and
recovery processes, and sonar functionality in warships.

In pursuit of minimizing ship roll, studies for many years
have led to the creation of various technologies designed to
mitigate roll, including fins, bilge keels, and antirolling tanks,
which differ in their motion mechanisms, placement, and
weight. In particular, fins, which work based on acceleration
and interaction with the surrounding fluid mass, have become
a widely adopted solution [1]. They are particularly effective
due to their ability to alter the initially symmetric foil into
asymmetry by altering its angle, which generates lift and
moment that stabilizes the ship.
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Numerous experiments and research projects have been
conducted to investigate and improve the efficiency of fins and
rudders in diminishing roll motion. These include Sharifetal.’s
[2,3] experimental research, Wu et al.’s [4] implementation of
a proportional-integral-derivative (PID) control mechanism,
and the utilization of artificial neural networks and fuzzy logic
controllers in simulation studies by Liut [S] and Liut et al. [6].
Model predictive controllers have been introduced to address
non-linear phenomena, for example, dynamic stalls [7,8].
To design roll motion mitigation fins under random beam-
sea scenarios, parallel multi-pattern control approaches and
applied computational fluid dynamics have been proposed
[9,10]. The effectiveness of both PID and Linear Quadratic
Gaussian (LQG) controllers in reducing roll and pitch
motions was examined by Kim and Kim [11]. Additional
developments include control algorithms customized to ship
velocity, encounter angles, and wave conditions by Koshkouei
and Nowak [12], along with various robust control techniques
by Moradi and Malekizade [13]. Further advancements in this
field include Hinostroza et al.’s [14] focus on optimal control
with environmental disturbances, Li et al.’s [15] adoption of
adaptive neural networks, Luo et al.’s [16] modification of
the mathematical model for control design, and Huang et al.’s
[17] enhancement of hydrodynamic coefficient estimation
online. Recent innovations include improved MPC designs by
Jimoh et al. [18], Three-degree-of-freedom (3DOF) motion
control strategies by Cakici [19], active adaptive fractional-
order sliding mode control (FOSMC) by Lee et al. [20],
non-linear feedback controller development by Liang et al.
[21], Optimal H_ controller designs by Taskin et al. [22],
and advanced MPC algorithms by Hu et al. [23]. Rezaei and
Tabatabaei [24] demonstrated the effectiveness of an adaptive
FOSMC for roll motion control, underscoring the advantages
of integrating fractional-order derivatives.

The objective of this research is to investigate the application
of an LQG controller that integrates state estimations from
Kalman Filters (KFs) with linear quadratic regulator (LQR)
control. First, all states (roll motions and rates induced by
fins and waves) are separated in the time domain using a
KF. A full-state feedback controller is then used to reduce
the magnitude of the states. This approach aims to optimize
the operation of active fins to significantly reduce the roll
motion of the ship. A 3-m Gulet model, which is a class of
passenger ships, was used in the simulations. The same model
also physically exists in the Yildiz Technical University
Hydrodynamic Research Laboratory for the experimental
validation of control strategies in future works.

The remainder of this paper is summarized as follows: Section
2 discusses the modeling of system dynamics, focusing on
the roll motion of a passenger ship with midship fins and
the equations governing this motion. Section 3 details the

implementation of the LQG control strategy, which integrates
a KF for state estimation and LQR to optimize control
actions. Section 4 presents simulation results that validate the
effectiveness of the control system by comparing scenarios
with and without fins. Section 5 concludes the paper by
summarizing the research findings, noting significant
reductions in roll motion and rate, and proposing future
research directions.

2. System Dynamics Modeling

This paper investigates roll-motion reduction through the
utilization of one pair of midship fins under the impact
of irregular waves on the beams of states 3 and sea state
4. The proactive manipulation of these fins generates a
counteractive moment that mitigates the wave-induced roll.
The spatial configuration of the fins is illustrated in Figure
la, and the Gulet model is shown in Figure 1a, b.

Here, the forces exerted by the port and starboard fins are
denoted by F, and F, respectively, while M, signifies the
total roll moment resulting from fin action. As the ship’s
roll motion around the x-axis transpires, the fins must pivot
around the y-axis to engender vertical force. Table 1 lists the
parameters of the utilized ships and fins.

Figure 1. a) Standard configuration of fins on a ship [25]. b) Gulet
and fins
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Table 1. Parameters of the ship and fins

Parameter Unit Value
Waterline length m 3
Surge speed, U m/s 1.4
Displacement kg 115.6
Vertical center of gravity (kg) m 0.30
The transverse metacentric height m 0.10
Moment of inertia /44 kgm? 6.6
Natural Roll Period S 1.66
Fin area m? 2x0.013
Aspect ratio (Span/Chord) - 2
Moment arm, I M 0.41
C, (Lift coefficient of the fins) 1/deg ~ 0.046
K, (Ship added mass) kgm? 0.1997 x 144
K (Ship linear damping) kgm?/s 4.4

2.1. Passenger Ship Roll Motion Equation

The control system design involves modeling the roll motion
dynamics using either a one-degree-of-freedom (1DOF) or
complex four-degree-of-freedom (4DOF) approach. For
simplicity, the 1DOF model for roll motion was employed as
follows (Equations 1 and 2):

b=p M
14425 = Kh + KW + KC (2)

where ¢, p and I,, denote the roll angle, roll velocity (or
rate), and moment of inertia about the x-axis. K, encapsulates
hydrostatic and hydrodynamic moments, K denotes the
moment from wave forces while K_the control moment from
the fins. K, is approximated as follows (Equation 3):

Kp = Kzp + Kpp + K(d) 3)

Here, Kp. signifies the roll motion added mass coefficient,
K, denotes linear damping coefficient, and K(¢) denotes
the restoring terms generated by gravity and buoyancy
forces. Obtaining these coefficients generally involves a
combination of experimental measurements, empirical
formulas, numerical simulations, and loading conditions,
each of which is suitable for capturing different aspects of
ship behavior in water.

The term K in active control system literature is often
omitted due to the complexity associated with the “force
superposition method.” Instead, this study employs the
“motion superposition method”, treating ship and wave
models separately and combining them to determine the

total roll motion and rate [26]. A further exposition of the
state space model of the system is provided in the following
sections.

2.2. Dynamics of Fin Roll Stabilizer

The investigations into fin stabilizer performances indicate
that their effectiveness is reduced under severe sea conditions
due to nonlinear effects. In contrast, under milder conditions,
the static behavior serves as a sufficient descriptor.
Consequently, the focus is placed on the steady behavior of
the fins, and the fin-induced roll moment is formulated as [7]
(Equation 4):

KC = O.SPTfVZAfCL(ae) (4)

where p denotes the water density, r, signifies the roll moment
arm, and V represents the relative velocity between fin and
flow. A,C and a stand for fin projection area, lift coefficient,
and effective angle of attack. The fin section is a NACA 0015
profile, and the aspect ratio (Span length divided by chord

length) of the fin is two.

The lift force and angle of attack are linearly related until
the stall angle, where the lift force is typically represented as
C(a,) = FL o, with f; x %% at a, = 0. This value was
taken as 0.046 (1/deg) for the present fins. The effective angle
is calculated as (Equation 5):

oy =~ — 5)

where a_ is generated by forward velocity and roll rate of the
ship while a denotes mechanical angle of the fin (Equation 6).

v TfD TP
., = arctan (%”) = arctan (—%) ~ —-L (6)

4 U
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Thus, the fins’ total roll moments is given by (Equations 7,
8):

s—of, 5—of
K. =K +Kcsz,(a(_w)+,<a(_m) %)

K, ~ 0.5p7:U%AsC, ®)

Here, a”/ and a¥ represent the mechanical angles of the port
and starboard fins, respectively. A schematic of the ship and
its fins is shown in Figure 2.

3. Implementation of LQG in Ship Roll Motion
Control

The LQG control strategy stands out among control methods
due to its effective blend of two key elements: the LQR and
the KF. LQR is adept at optimizing control actions to reduce a
specific cost function while balancing performance goals and
control efforts. In contrast, the KF improves decision making
in the presence of noise and uncertainties. The comprehensive
LQG controller approach is illustrated in Figure 3.

3.1. Model Derivation for LQG Control

The dynamics of an unforced ship roll can be characterized
through a state-space model, where the state equation, as
detailed in a numerical study by [25], is described as follows
(Equation 9):
1) = Apn(©) ©)
In this context, the state vector n() = [d) ﬁn(t),P ﬁn(t)] T

comprises the fin generated roll angle ¢, () and the roll rate
Pﬁn(t). The system matrix is defined as follows (Equation 10):

A = [y ) (10)

¢,Pa K(:

Figure 2. Representation of ship and fins

where R and D denote the restoring and damping terms,
respectively, which are calculated as follows (Equations 11,
12)

_ —GMTA
- I4.4+Kz', (11)
_ —Kp—2Kqrf/U

D - I4,4.+Ki, (12)

This model was adapted to include the effects of ship fins
as roll-stabilizing actuators and wave-induced effects. The
fin model is integrated using the term B, resulting in the
following modified ship-motion model (Equations 13, 14):

T](t) = Aﬁnn(t) + Bfinufin(t) + ByaveUwave ®) (13)
where,
0 1
B i — Ka Ka
rin [144"'1(13 - 144+Kp] ( 14)

Because wave-induced forces are challenging to quantify
precisely, the model does not directly incorporate these forces
but instead utilizes a motion-based approach encapsulated

within the system matrix 4 and B as follows (Equation
15):
0 1
Ayave = —Wg _Zzwo]
0
BW(Z’UE = Zgwoa- (15)

where w, is the natural frequency and { represents the
damping ratio of the wave. Please note that the parameters
of the A matrix is calculated with spectral factorization
method with respect to sea state level. A reader interested
in the proposed approach can obtain detailed information
about the proposed approach [7]. To effectively integrate the
ship and wave models, an augmented system is proposed as
follows (Equations 16-19):

we Vi
U fink 1 Ship roll Yrt1
‘ motion model
LQR
T—A——— Kalman Fiter
na‘ug,k+1 N

Figure 3. Flow diagram of an lqg controller for ship roll motion
stabilization
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T']aug(t) = Aaugnaug (t) + Baugfufin(t) + Baugwuwave(t) (16)
0 1 0 0
4 _|R D 0 0
ag =10 0 0 1 (17)
0 0 —wi —2Tw,
0 1
Ke Ky
Bgugs = |ls4*K I44+K,
A RS p} (18)
0 0
0
0
Bagw =] ] (19)
20w,0

Here, Moy = [q) in (8, Pﬁn(t), P e Pwm(t)] T represents the
augmented state vector, encompassing both ship- and wave-

induced motions and rates.

For digital control systems that operate in discrete intervals,
Equation (16) must be discretized (Equation 20):

T‘]aug,k = Aaugnaug,k + Baugufin,k (20)

Applying the Euler Forward method, the state at the next time
step (k + 1) is predicted as follows (Equation 21):

= TaatKp  IaatK,
Naugks1 Bwaves + Puwave e ’ 4

o
Puaves + Ac(=W8 Puwave.x £ 2WoPwave).

Denipic + PenipicAe 0 A4, o

Popipsc + Ac(Bsnip iR + PsnipiD) s Ko ok 0
+ Upinie + 0

0 0

] Q1)

A,.2Two0
This leads to the discretized state space representation as
follows (Equation 22):

(22)

Naugk+1 = Aaug.alaugk + Baugr.alrink + Baugw.aUwave k

Where Aaug J and Baug J denote discretized matrices of Aaug and
Baug formulated as follows (Equations 23-25):
1 4, 0 0
W _|rae pac+1 0 0
augd = | 0 0 1 A, (23)
0 0 —w2A, —2lwod, + 1
0 4,
Ky AcKe
B Fa = |laatKp Iaa+Kp
e 0 (24)
0 0
0
0
Baugw,d - 0 (25)
A,.2Tw,0

3.2. Incorporating KF and LQR into LQG Framework
In practical scenarios, models cannot perfectly capture the
dynamics of physical systems. Moreover, imperfections in
sensor technologies, which result in inaccuracies, limited
precision, and stochastic variations, further increase the
discrepancies in Equation (21). In this context, the KF is a
crucial tool for providing optimal state estimates under these
less-than-ideal conditions.

In this study, physical experiments were not conducted.
Instead, the true-state measurements were simulated by using
the theoretical model established in the previous section. This
model is enhanced by incorporating Gaussian process noise
to mimic uncertainties that occur in real life. In addition, noise
was also added to the measurement model. The complete
model is expressed as follows (Equation 26):

- D
nuug,k+1 - Agugnaug,k + Baugfufin,k + Bz?ugwuwave(t)
Vierr = Claugi+1 + Vi

Wi ~ N(O; Q )
e ~ 20, Ry 26)

Here w, and v, represent process and measurement noise,
respectively, following Gaussian distributions with covariance
matrices @,, and R, .. The observation C matrix is given as
(Equation 27):

C=[1 0 1 0,010 1] @7

where is the measured total roll motion and rate derived
from the combined ship dynamics and wave effect.

The KF state estimation algorithm can be divided into two
phases: prediction and estimation. In the prediction phase,
the future system state 7 gl is computed using the current
estimated state 77 adjusting (22) as follows (Equation 28):

+
aug,k’

A _ P 28
naug,k+1 - Aaug,dnaug,k + Baug,duaug,k ( )

The predicted covariance matrix P, and the Kalman gain
K computed as follows (Equations 29, 30):

KFk+1

_ 29
P = Aaug,dPI:-AEug,d + Qkr (29)
Ke v = PiaaCT(CPE1CT + Rp) ™ (30)
Using the K S estimated state 77 ;fug, 4 and covariance matrix
P/, is calculated as follows (Equations 31, 32):
ﬁ;ug,k+1 = ﬁz;ug,k+1 + KKF,k+1(yk+1Cﬁ;ug,k+1) (31)
Pi1 = (I = Kipiee1C) Pt (32)
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Now that the estimated state from the KF is available, the
control input u, is obtained using LQR, which minimizes the
cost function J (Equation 33):

] = Z?=O(ngug,kQallgnaug,k + uf’cm,kamuﬁn,k) (33)
In the standard LQR framework, the cost function J aims
to minimize a combination of the state error weighted by
Q and the control effort weighted by R. In addition, r, , =
[d)ﬁnqk P ﬁn,k] is the state vector for the ship motion. Qﬁn,v R
are symmetric, positive semi-definite weighting matrices
for the state variables and control inputs in each subsystem.
The optimal control law for minimizing the cost function J is
(Equation 34):

U = —KyorTaugk (34)

Here, instead of feeding the control law with true state
M like typical a LQR control law, Uy is computed with
the estimated state 77 :ug,k obtained from the KF. KLQR is the
optimal gain matrix obtained by first solving the following
Discrete Algebraic Riccati Equation 35:

P = AlgaPAuga ~ AnvgaPBuuga(Ron + BloaPBuga)  BligaPAuga + U (35)
Then, K, or AN be calculated as follows (Equation 36):

-1
KLQR = (Rﬁn + B:;xg,dPBaug,d) Bg;lg,dPAaug,d (36)

4. Simulation Results

In this section, the performance of the ship roll stabilization
controller is rigorously assessed by simulating its operation
under two environmental conditions, specifically, sea state
3 and state 4. These conditions represent moderate and
rough sea states, respectively, thus providing a diverse test
framework. The simulations were designed to evaluate
the controller’s ability to maintain stability and effectively
respond to varying degrees of wave-induced disturbance.
First, the effectiveness of the fins in stabilizing the roll
motion of the ship was evaluated. Before these simulations,
the effects of active fins were demonstrated in calm water at a
1.4 m/s surge speed while the fins are +25 degrees and Figure
4 shows the results. As shown in the figure, 4° roll motion is
recorded after transition of the response.

The simulation involved two scenarios: one in which the
ship was subjected to wave disturbances with passive fins
and another in which active stabilizing fins. In the scenario
involving active fins, the fin angles were limited to a
maximum of +25 degrees, and the rate of change was capped
at +75 degrees per second. This constraint was implemented
to realistically simulate the mechanical limitations of the fins
under actual maritime conditions on a model scale. Results
from both scenarios were compared to assess the impact
of the fins on roll stabilization. Table 2 lists the parameters
for sea states 3 and 4. These parameters can be calculated
using the spectral factorization method for each sea state. The
detailed information about these parameters can be found in
[7].

In addition, the KF algorithm was initialized with O, . = diag
([10%,107%,107%,10~*]) and R, = diag([10*,107*]). The
simulation length is 50s with time step size of 0.02s. The
LQR controller was parameterized differently based on the
sea state in which the ship was simulated. Table 3 lists the
parameters used to obtain the LQR gain.

Consequently, by solving (35)-(41), the LQR gain matrix

for both sea state K, oR.SS3 and K, oR.sss AT€ obtained as follows
(Equations 37, 38):

_[-02670 —1.7160 —0.2330 —1.9624
KLQR'SS-"_[ 02670  1.7160  0.2330 1.9624] (37
K =[—0.2687 -1.6956 —0.1991 —1.6304 18
Lor.Ss4 02687 1.6956  0.1991  1.6304 (38)

It can be observed that variations in the weighting matrices
1nf1.uence the resgltmg copt.rol . gains K LORSS3 anq K, oR.sSs
which correspondingly exhibit higher and lower gain values.
These gain values were employed for controlling in an active

fin scenario, and the outcomes were subsequently compared

Roll motion (deg)

|
0 2 4 6 8 10 12 14 16 18 20
Time(s)

Figure 4. Demonstration of fins in calm water

Table 2. Parameters for sea states 3 and 4

Parameter Sea state 3: Sea state 4:
¢ 0.1603 0.1617
c 0.1596 0.2678
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with those of a passive fin scenario. The comparative results
are shown in Figures 5 to 7. The root mean square (RMS)
values are detailed in Tables 4 and 5 to quantify the outcomes
of the simulation.

In Figure 5, corresponding to the milder sea state 3, the roll
motion and roll rate graphs show that active fins, controlled
by a more aggressive LQR strategy, significantly reduced the
amplitude of roll compared to passive fins. This approach
leverages less severe conditions to apply more aggressive

control actions that effectively mitigate smaller disturbances
and result in smoother, more damped responses. In contrast,
Figure 7 where represents rougher sea state 4, where the
control strategy is less aggressive but more robust and
tailored to cope with larger disturbances typical of harsher
sea conditions. Despite the increased severity, the active fins
still outperformed the passive fins, maintaining better control
over roll motion and rate. Tuning the LQR parameters in sea
state 4 aims for durability and sustained performance under

£ | i
e R A

10 15 20

o

5

25

30 35 40

Time (s)

Figure 5. Comparison of ship roll motion and rate with passive and active fins in sea state 3

312 O “«Oo“O-«-OH‘M‘Q-w-ﬂ-“ X et O lemoo

20 s 10 15 ” - n%: “ 20 - p pe 50
TR A | N
oot e
i

o
[=]
=]

10 15 20

25

30 35 40 50

Time (s)

Figure 6. Fin angular motion and rate in active fin scenario in sea state 3

Table 3. LOR parameters

Parameter Sea state 3: Sea state 4:
0. diag([1,1]) diag([1,1])
0. diag([18,18]) diag([9.9])
R, diag([0.1,0.1]) diag([0.1,0.1])
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20

10 A

Roll Motion (deg)
o

— Passive fins
—Active fins

i i\

Roll rate (deg/s)

100 I L I I

25 30 35 40 45 50
Time (s)

Figure 7. Comparison of ship roll motion and rate with passive and active fins for sea state 4

stress, rather than finer control under milder conditions.
These findings are further elucidated in Figures 6 and 8§,
respectively, depict the fin angular motion and rate in sea
states 3 and 4, respectively. In sea state 3, fins exhibited higher
frequency movements, as indicated by the denser angular
rate plot compared to sea state 4. Additionally, in sea state
4, due to harsher conditions, the fins occasionally reached
and maintained their maximum angular rate, indicating the
struggle as they stabilized the ship’s motion.

In Table 4, the reduction percentages for roll motion and rate
are quite substantial, at approximately 72.855% and 70.181%,
respectively, in sea state 3. This significant reduction
underscores the effectiveness of the more aggressive control
strategy applied under milder conditions, whereas in Table 5,
which presents harsher conditions, the RMS values for both
roll motion and roll rate in sea state 4 are higher than those
in sea state 3. Despite this, the reductions are still notable, at
57.413% for roll motion and 51.517% for roll rate. Considering
the increased environmental challenges, this outcome is
satisfactory. The less aggressive, more robust control strategy
in sea state 4 is designed not merely to minimize immediate
disturbances but to ensure steady and sustained ship stability
over time. This approach is particularly important under
harsh conditions, where over-reactive control responses can
potentially lead to system instability or increased wear and
tear on the control mechanisms.

Promising results are observed in Figures 5 and 7, which are
quantified in Tables 4 and 5, are controlled based on estimated
values 7 a:g,k obtained from a KF algorithm, as derived in
section 3. KF is crucial because it filters out noise from
measurements and compensates for process disturbances,
thus providing a refined estimate of the system’s state. To
validate the reliability and accuracy of these estimates, the
KF’s performance was validated. The results are presented in
Figures 9-12.

However, it is difficult to observe the performance of KF
directly, as illustrated in Figures 9 and 11, the overall error
in the KF estimation was generally smaller than that in the
raw measurements, as shown in Figures 10 and 12. To better
understand the performance of KF estimation compared to
measurement data with respect to the true value, the RMS
values of the errors are presented in Table 6.

Table 6 presents a quantitative assessment of the errors
associated with the measured and estimated states for the roll
motion and roll rate in sea states 3 and 4, utilizing the KF for
the estimation process. The RMS errors for both roll motion
and roll rate in sea state 3 indicate a reduction in the error from
measurement to estimation, with the roll motion decreasing
from 0.576° to 0.437° and the roll rate decreasing from
0.581° to 0.491°. In sea state 4, the results were somewhat
consistent, with the roll motion error modestly reduced
from 0.579° in raw measurements to 0.442° in estimation.

Table 4. Roll motion (deg) and rate (deg/s) RMS in sea state 3

State Passive fins Active fins Reduction (%)
Roll motion 3.053 0.829 72.855
Roll rate 11.926 3.556 70.181

372




Journal of ETA Maritime Science 2024;12(4):365-376

Fin1

= N
o o
I I

N -
o o
I I

Fin angle (deg)
=

—Fin 2
——Saturation

.
173
o

(=]

25 30 35
Time (s)

=
2 (=
o o o

Fin angle rate (deg/s)
&
o

W

l| |

Fin 2
Saturat on

L

-
=
o

5 10 15 20

Time (s)

Figure 8. Fin angular motion and rate in active fin scenario in sea state 4
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Figure 9. True, measured, and estimated states in sea state 3 simulation
Table 5. Roll motion (deg) and rate (deg/s) of RMS in sea state 4
State Passive fins Active fins Reduction (%)
Roll motion 5.534 2.356 57.413
Roll rate 21.045 10.203 51.517
Table 6. RMS of measured vs. estimated roll motion (deg) and rate (deg/s) errors
State Measurement Estimation

Sea Roll motion 0.576 0.437
State 3 Roll rate 0.581 0.491
Sea Roll motion 0.579 0.442
State 4 Roll rate 0.577 0.567

373



State Estimation and Control for a Model Scale Passenger Ship using an LQG Approach

Roll motion error (deg)

Y]

Roll rate error (deg/s)

o - N

'
a

50

N

-

'
-

R

~~ “Measurement error

——Estimation error

25
Time (s)

Figure 10. Measurement and estimation errors in the sea state 3 simulation
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However, the roll rate error exhibits a smaller reduction from
0.577 to 0.567 deg/s. The smaller improvement in roll rate
estimation under rougher conditions for sea state 4 might be
indicative of the KF reaching its performance limits in more
challenging environments.

5. Conclusion

In conclusion, this study successfully demonstrated the
effectiveness of an LQG controller for roll motion reduction and
its rate of change under wave-disturbed conditions for sea states
3 and 4. The integration of active fins as stabilizers, controlled
by the LQG algorithm, led to significant improvements in the
vessel’s roll response, as evidenced by substantial reductions in
roll motion and rate. The accuracy of state estimation through
the KF plays a pivotal role in this context, ensuring that the
controller inputs are based on precise estimations of the ship’s
state. This approach provides a more reliable and effective
control strategy, highlighting the importance of accurate state
estimation in the overall control system design. Furthermore,
the results underscore the potential of using advanced control
strategies, such as LQG, in marine applications, especially
under challenging environmental conditions. This study
not only contributes to the field of naval engineering by
providing a viable solution for roll stabilization but also sets
the groundwork for future research in this area.

Future work could focus on exploring the robustness
of this approach under varying sea conditions and ship
configurations, as well as integrating real-time environmental
data to further enhance the system’s adaptive capabilities.
In addition, exploring more complex control strategies or
integrating other types of stabilizers could provide additional
improvements to ship stability and safety.
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