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To address the challenges of accurately modeling the motion of deep-sea aquaculture
vessels under the combined effects of dynamic disturbances from the external
environment and coupled disturbances from the liquid levels within the aquaculture
tanks, as well as the performance limitations of traditional Active Disturbance Rejection
Control (ADRC), this study proposes an improved Active Disturbance Rejection Control
strategy based on the ADRC structure, and applies it to the design of the controller for
the dynamic positioning system of aquaculture vessels. Furthermore, to tackle the issues
of numerous uncertain parameters and tuning difficulties inherent in ADRC, an Improved
Whale Optimization Algorithm (IWOA) is introduced for parameter tuning. The
optimization algorithm incorporates a chaotic optimization strategy and an improved
adaptive inertia weight w with nonlinear characteristics, which simplifies the complex
process of constructing an adaptive function in the Grey Wolf Optimization (GWO)
algorithm and addresses the slow global search speed and poor local optimization ability
of the traditional Whale Optimization Algorithm (WOA). The final Simulink simulation
results demonstrate that the ADRC controller designed with IWOA outperforms
traditional WOA, GWO, and Genetic Algorithm-optimized ADRC controllers in terms of
control effectiveness and disturbance rejection capability, improved the dynamic
positioning control performance of aquaculture vessels.

INTRODUCTION

With the rapid advancement of technology and the increas-
ing scarcity of resources, there is a growing need to explore
the ocean for more resources. However, the deep-sea re-
gions, which are rich in marine resources, present ex-
tremely complex environmental conditions. Engineering
equipment operating in these deep-sea areas can be af-
fected by factors such as wind, waves, and currents, causing
them to deviate from their intended operational positions
and trajectories. The application of Dynamic Positioning
(DP) systems effectively mitigates these issues. DP systems
were first introduced in the 1960s for maritime applications
and have undergone three stages of development: initially,
controllers based on classical control theory combining PID
and low-pass filters were designed; subsequently, con-
trollers were developed using modern control theory and
Kalman filtering; and currently, intelligent control methods
have been introduced, significantly enhancing the precision
of DP controllers.

The design of DP controllers is the core of DP systems,
playing a crucial intermediary role and serving as a primary
standard for evaluating the development of DP systems.
Among these, the control strategy algorithms in controller
design are a major focus of research and a significant direc-
tion for improving dynamic positioning performance. Cur-
rently, the main control strategy algorithms include: PID
control algorithm, Fuzzy Control algorithm, Backstepping
Integral Control algorithm, Nonlinear Model Predictive
Control algorithm, Fault-Tolerant Control algorithm,
Neural Network algorithm, and Adaptive Combined Control
methods.! Many of these control algorithms, such as Model
Predictive Control (MPC) and fault-tolerant control, heavily
rely on accurate mathematical models of the vessel to
achieve effective control, which significantly reduces the
generalizability of these methods.2 In contrast, fuzzy logic
control algorithms do not require precise models of the
controlled object; however, their design necessitates exten-
sive expert experience,3 which undoubtedly increases the
complexity and cost of the design process and makes it
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challenging to cope with random disturbances. To more ef-
fectively study the application of dynamic positioning (DP)
systems in ship control, it is essential to develop more con-
trol algorithms to address various scenarios.

In recent years, Active Disturbance Rejection Control
(ADRC), which combines the advantages of simple struc-
tural design, ease of implementation, and independence
from precise models of the controlled object, has garnered
extensive attention from researchers in the control field
and achieved significant progress. ADRC was first improved
by Han Jingging in 1998 based on PID control.# Subse-
quently, more researchers in related fields have conducted
in-depth studies and improvements on ADRC. ADRC was
proposed to address nonlinear system problems. Zheng and
Gao® first linearized the nonlinear issues in ADRC systems,
effectively reducing computational complexity. Humaidi
and Badir® compared the performance of NLADRC and
LADRC, finding that the former exhibited superior dynamic
performance while the latter showed stronger robustness.’
JianXin et al.® incorporated an improved dragonfly algo-
rithm into the IADRC system and applied it to fast steering
mirrors (FSM), ultimately validating the control law’s
achievement of high tracking accuracy in FSM. Y.E. et al.’
studied the principles of ADRC and compared it with PID
control, analyzing their respective advantages and disad-
vantages, and then applied ADRC to DP systems. He-Jin et
al.10 experimentally verified that ADRC outperformed PID
control under strong disturbances. Chen et al.ll improved
the nonlinear FAL function in the ESO (Extended State Ob-
server) of ADRC, enhancing its disturbance rejection per-
formance, but also making parameter tuning more diffi-
cult. Yang et al.12 combined the advantages of linear and
nonlinear ADRC strategies, integrating a switching strategy
that enabled switching between nonlinear and linear con-
trol, and applied this scheme to ship DP systems, though
the switching conditions and strategy were not mature. Wu
et al.13 improved the nonlinear ADRC using an artificial
bee colony algorithm, effectively optimizing complex para-
meters but facing issues with optimization efficiency and
difficulty in achieving optimal results. Wang et al.l4 de-
signed an adaptive weighted hybrid particle swarm algo-
rithm to optimize the ADRC controller to handle model un-
certainties in nonlinear ADRC systems, and introduced a
cloud model intelligent algorithm into ship DP systems.!5
Lil® et al. proposed a novel control strategy that employs
a Long Short-Term Memory neural network to predict the
heave motion of vessels and utilizes a Bayesian algorithm
for hyperparameter optimization. Concurrently, the strat-
egy incorporates a Chaotic Particle Swarm Optimization
algorithm for the parameter tuning of Active Disturbance
Rejection Control. This approach has been shown to signif-
icantly enhance the compensation accuracy and response
speed of the Active Heave Compensation system.

In summary, current research on Active Disturbance Re-
jection Control (ADRC) primarily focuses on addressing the
control accuracy and computational complexity of nonlin-
ear control systems. However, there is insufficient research
on the numerous parameters of ADRC and the difficulty of
tuning them, which makes it challenging to achieve both

strong disturbance rejection and effective parameter tuning
simultaneously. Presently, research on control systems for
deep-sea aquaculture workboats, as an emerging aquacul-
ture system, is lacking, making it difficult to cope with
the strong disturbances in the deep-sea aquaculture envi-
ronment. To address these shortcomings, this study takes
aquaculture workboats as the research object, designing
a dynamic positioning controller based on an improved
ADRC strategy for deep-sea aquaculture workboats. The
controller’s parameters are optimized and tuned using an
improved Whale Optimization Algorithm. The goal is to en-
sure that the dynamic positioning system has strong dis-
turbance rejection capabilities and rapid, effective dynamic
control, thereby enhancing the safety of marine aquacul-
ture equipment, improving operational efficiency, and pro-
moting the development of marine engineering towards
deep-sea operations. This has practical significance for the
transition of marine engineering equipment towards auto-
mated and intelligent management.

MATERIALS AND METHODS

1.DP SYSTEM IS APPLIED TO THE FRAME DESIGN OF
DEEP-SEA AQUACULTURE VESSELS

The deep-sea aquaculture vessel is a farming system based
on a ship platform, capable of either drifting or stationary
farming at sea according to demand. It effectively enhances
the quality of aquatic products in deep-sea fishery farming,
addresses the scarcity of coastal space resources and the in-
sufficiency of water resources, reduces water pollution or
eutrophication, and significantly mitigates the limitations
and unsustainability of traditional aquaculture. This repre-
sents a novel direction in deep-sea aquaculture.

The application of a Dynamic Positioning (DP) system
on deep-sea aquaculture vessels enables motion control in
the horizontal plane, thereby ensuring stable positioning of
the vessel in the marine environment. This stability is cru-
cial for maintaining a secure farming environment. Deep-
sea aquaculture vessels are subject to dynamic disturbances
from external environments such as wind, waves, and cur-
rents, as well as hydrodynamic coupling disturbances from
the internal aquaculture tank’s liquid level. These distur-
bances are variable, making it difficult to establish precise
mathematical motion models. ADRC can integrate the un-
known disturbances and other uncertainties of the system
into a total disturbance, which is then compensated by
the Extended State Observer (ESO), ultimately achieving
control over the system with time-varying uncertainties.1”
Based on this, this study utilizes the ADRC strategy to de-
sign a controller for the dynamic positioning system of
deep-sea aquaculture workboats under irregular external
environmental disturbances and coupling effects among
the vessel’s degrees of freedom.

The application technical scheme flow of the DP system
is illustrated in Figure 1.
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Figure 2. Fixed coordinate system and ship-borne
coordinate system.

2. MATHEMATICAL MODEL OF SHIP MOTION
2.1. KINEMATIC EQUATIONS

On the sea surface, due to the combined effects of wind,
waves, and currents, a ship’s motion manifests as six de-
grees of freedom without constraints. However, the roll and
pitch angles of the ship are generally small and do not af-
fect the ship’s displacement significantly, so the ship’s mo-
tion is often simplified to three degrees of freedom. Two
coordinate systems are commonly used for ship motion
modeling: the North-East coordinate system (XgOpgYEg)
and the ship-fixed coordinate system (XOY). As shown in
Figure 2. The vertical axis Z of both coordinate systems
points vertically toward the center of the Earth.3

For the simplified expression of three degrees of freedom
(surge, sway, yaw), the longitudinal position, lateral posi-
tion, and heading angle of the ship in the North-East coor-
dinate system can be defined as the vector n = [z » y + 9",
and the longitudinal velocity, lateral velocity, and yaw rate
of the ship in the ship-fixed coordinate system can be de-

fined as the vector v = [u * v - 7]. The transformation ma-
trix between these two coordinate systems is denoted as
Y(¢), and satisfies Y1(¢p) = YT(¢)). The transformation
matrix and the transformation relationship are given by
equations (1) and (2)!8:

cosyp —sinyy 0
T(¢) = |sin cosyp O (1)
0 0 1
=" (2)

In the above equations, 1 represents the yaw angle, 7 is the
vector of position and attitude information defined in the
North-East coordinate system as [z * y - w]T, v is the vector
of velocity information defined in the ship-fixed coordinate

systemas [u r v 77,

2.2. SHIP LOW FREQUENCY MOTION MODEL

In ship motion, high-frequency movements do not affect
the displacement of the hull. Therefore, only the low-fre-
quency nonlinear motion model of the vessel is considered,
as shown in Equation (3).518
Mé+Dv="YT(p)b+ T (3)
In equation (3), M is the system inertia matrix including
additional mass effects as shown in equation (4), and D is
the hydrodynamic damping coefficient matrix as shown in
equation (5), both of which are positive definite. T repre-
sents the output control force and moment, and b repre-
sents environmental disturbance forces and moments such
as wind, waves, and second-order drift. These disturbances
are typically considered to affect slow movements and are
represented as shown in equation (6).
m — X 0 0
M= 0 m-Y, mzg-—Y; (4)
0 mzg—Y; I,—N;

In equation (4), I, is the moment of inertia about the Z
axis, X, , Y; and N; are additional masses introduced by
accelerations in the three degrees of freedom (surge, sway,
yaw), and Y; is the additional mass caused by the coupling
of sway and yaw. z¢ is the distance from the ship’s center
to the center of gravity.

—Xy 0 0
p=|o0o -v, v, (5)
0 -N, —N,
b=-T"1 + Epwy (6)

In equation (5), X, represents the straight-line hydrody-
namic damping coefficient, while Y,, Y,., N,, and N, denote
the linear hydrodynamic coefficients.

In equation (6), T' is a diagonal matrix of large time con-
stants, the equation can be simplified as:

i) = Ebwb (7)
In equation (7), E, represents the noise amplitude, and is
the coefficient matrix of zero-mean Gaussian white noise
Wp.

Combining all the aforementioned descriptive equa-
tions, the linear state-space equation for the low-frequency
motion of the ship is:

&y = Apxp + BrT+ Erwr
{ yr = Crzr + Drv

(8)
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In equation (8), z, is the state variable, y, is the three-di-
mensional measurement position vector (yaw, surge, sway),
wy is the three-dimensional unmodeled environmental dis-
turbance variable, v is the three-dimensional measurement
Gaussian white noise; the matrix is defined as shown in
equation (9)3:

A, — [03><3 IB>:3;1
O3x3 —M™ D]
0353 ]
B; =
3 {M )
0353 ]
o[
Cr = [I5x3 03x3),

3.DESIGN OF AUTOMATIC DISTURBANCE REJECTION
CONTROLLER FOR DP SYSTEM

The paper takes a large-scale aquaculture support vessel as
an example and proposes a DP control system based on the
characteristics of its non-linear, multi-parameter unknown
time-varying disturbances, and unstable model structure,
with the core being the Active Disturbance Rejection Con-
trol (ADRC). The controller consists mainly of three parts:
the Tracking Differentiator (TD), the Extended State Ob-
server (ESO), and the Nonlinear State Error Feedback Con-
trol Law (NLSEF).5 The design process of the ADRC for dy-
namic positioning is formulated as follows:

1. Based on the characteristics of the deep-sea aquacul-
ture support vessel, approximate mathematical mod-
eling analysis is conducted. The core of this con-
troller, the Extended State Observer (ESO), does not
differentiate between internal and external distur-
bances of the system. It treats the internal and exter-
nal disturbances as a whole, using a special feedback
mechanism to make the observed value follow the ac-
tual value, without relying on the precise model of
the controlled object.

2. According to the approximate mathematical model
of the control system, the required controlled state
variables are analyzed to determine the order of con-
troller design.

3. Then, based on the control system’s order, design
the core control parts corresponding to the controller,
such as TD, ESO, etc. Then, according to the logical
relationship, connect the established parts.

4. Finally, tune the relevant controller parameters. Due
to the small coupling of each parameter, a separable
method can be adopted to tune each part’s parame-
ters one by one, and finally unify them in coordina-
tion.

The Active Disturbance Rejection Control (ADRC) struc-
ture is shown in Figure 3°.

3.1. DIFFERENTIAL TRACKER (TD)

Conventional differentiators amplify the noise input of the
system, seriously affecting the system’s stability. The for-
mula for the tracking differentiator used in this paper is:

Figure 3. ADRC Structure diagram.

{ z1(t + h) = z1(t) + haa(t)
zo(t + h) = @2(t) + hfst (z1(t) — v(t), za(t), T, ho)
In Equation (10), r is the velocity factor, determining the
system’s tracking speed, h is the integration step size, hy is
the filtering factor for filtering out noise. The definition of
the optimal comprehensive function for fast control, fst(-)
is as follows:

(10)

d=rh
do = dh
y=2x1+ hzs
ag = /d? + 8r|y| )
W To + ((Sgny2)¢I0+d) , ly| > do
zy+ 4, lyl < do
e <d
fst = — { d |a| -
rsgn(a), la| > d
The final form of the TD arrangement transition process is:
{ Ul(k+1) :Ul(k)+h112(k) (12)
va(k + 1) = va(k) + hfst (vi(k) — vo,v2(k), 7, ho)

Among them, vy is the setting value.

3.2. EXPANDED STATE OBSERVER (ESO)

The dynamic positioning system is a discrete-time control
system, and its application scenario can be considered as
a second-order system. The role of the Extended State Ob-
server (ESO) is to treat the internal and external distur-
bances of the system as a whole and suppress their dis-
turbances using nonlinear feedback effects. Therefore, the
discrete forms of its state estimation and total disturbance
equations are as follows!9:
e1 = z1(k) — y(k)
z1(k +1) = z1(k) + h (22(k) — Bore1)
zo(k + 1) = z2(k) + h (23(k) — Bozfal (€1, a1, 9) + bu(k))
z3(k +1) = z3(k) — hBys fal (€1, &2, 9)
In Equation (13), e; represents the system error;
0 < as < a1 < 1 are empirical values, and for the sake of
analogy, we set the proportional-like gain a; = 0.5 and the
differential gain ay = 0.25, Bo1, Bo2, Bos are the adjustable
gain coefficients, all greater than 0, b is the compensation
factor. The fal function used has the characteristics of small
error and large gain, as well as large error and small gain,
as shown in Equation (14):

_ [lel%sgn(e) - el > 6
fal(E,Ct,(S) _{ 61€a s |€| <6

where ¢ represents the input error.

(13)

5> 0 (14)
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Figure 4. IADRC system structure diagram.

3.3. NONLINEAR STATE ERROR FEEDBACK CONTROL
LAW (NLSELF)

The calculation of the control law includes two parts: (1)

Compensation for the tracking signal error and the dif-

ferential signal error (analogous to PD control); (2) Com-

pensation for disturbance rejection. The classical PID con-

troller calculates the proportional, integral, and derivative

controls as a weighted sum, which has a major drawback

of parameter coupling. This coupling makes tuning difficult

and may prevent achieving the optimal combination. This

paper uses a “nonlinear combination” approach to effec-
tively address this issue.

NLSELF is given by equation (15)20:

e1 = vi(k) — z1(k)

ez = va(k) — za(k)

e3 = f e dt

ug = P1fal (e1,1,01) + B2 fal (€2, 2, 02) + B3 fal (e3, a3, J3)

u(k) = uo — %Uk)

(15)

Among them, ej, es, e3 represents the state error, 31, (B2
and (33 represent the feedback control gains, a3 is a propor-
tional-like integral gain, with —1 < a3 < 1, ug represents
the extracted nonlinear combination signal z3 is the distur-
bance estimate output by ESO, and %}k) is defined as the
disturbance compensation amount, which compensates for
the initial control quantity, (k) is the final control output
of ADRC.

3.4. IMPROVED AUTOMATIC DISTURBANCE REJECTION
CONTROL DESIGN

Traditional ADRC systems based on PID control combine
the proportional and derivative gain coefficients into an
NLSELF gain parameter. This paper considers adding an in-
tegral gain parameter to optimize the NLSELF combina-
tion with analogous proportional, derivative, and integral
gain coefficients. The Improved Active Disturbance Rejec-
tion Control (IADRC) system is shown in Figure 4.

To verify the effectiveness of the IADRC control system,
a second-order system #g‘% will be used as the con-
trolled object for position tracking simulation. The results
are shown in Figure 5.

The introduction of an integral component to the tra-
ditional ADRC structure enhances the system by incorpo-
rating additional state error variables and a novel error
feedback control gain. This modification enriches the di-

6F T T T T T T T =
s Tracking Differentiator Input
= = = |ADRC System Controlled Object Output

2 3 4 5 [} 7 ] 9

Figure 5. Position tracking curve of an IADRC second-
order system.

versity and superiority of nonlinear error feedback control
law configurations, thereby improving system control pre-
cision. As shown in Figure 5, the designed IADRC controller
demonstrates good control tracking performance. However,
a drawback is the difficulty in parameter tuning. Therefore,
an optimization algorithm for tuning the parameters of the
active disturbance rejection controller will be introduced in
the following section.

3.5. DESIGN OF DP ACTIVE DISTURBANCE REJECTION
CONTROL SYSTEM

Referring to the separability concept and analyzing the
mathematical model of motion for the deep-sea aquacul-
ture support vessel, it can be understood that the control of
the ship in the three degrees of freedom (heave, sway, and
yaw) can be conducted independently. Due to the fact that
the ADRC does not differentiate between internal and ex-
ternal disturbances, the coupling effects among these three
degrees of freedom are treated as overall disturbances and
compensated for. Therefore, this paper will design three
different controllers to control the heave, sway, and yaw de-
grees of freedom respectively. By comparing the desired po-
sitions and current positions in the three degrees of free-
dom directions, as well as the desired yaw angle and current
yaw angle, the deviation inputs to the controllers are ob-
tained. The controllers calculate and output the control
quantities in each degree of freedom direction. The DP con-
trol structure diagram is shown in Figure 6.

4. IMPROVED WHALE OPTIMIZATION ALGORITHM

The Active Disturbance Rejection Controller (ADRC) is
complex, with many parameters, most of which are ad-
justable and typically manually tuned. These parameters
remain constant throughout the system operation and do
not change. However, in practical engineering applications,
the controlled objects and external disturbances are con-
tinuously changing. Without sufficient prior experience, it
is difficult to determine the optimal coefficient gains and
combination optimizations required by the controller to
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Figure 6. DP control structure diagram.

meet the desired performance. The Whale Optimization Al-
gorithm (WOA) is a metaheuristic optimization algorithm
designed to mimic the hunting process of humpback
whales. It has a simple overall process, an easy-to-imple-
ment structure, requires few tuning parameters, and is
well-suited for optimizing system parameters. In this sec-
tion, an improvement is made to the WOA, and the Im-
proved Whale Algorithm (IWOA) is used to optimize the pa-
rameters that have a significant impact on the ADRC.

4.1. PRINCIPLE OF WHALE OPTIMIZATION ALGORITHM

This method consists of three main stages: encircling the
prey, bubble-net feeding, and searching for prey. Each
whale individual’s position represents a potential solution,
which continuously iterates in the solution space to update
the individual’s optimal position, ultimately leading to the
acquisition of the global optimal solution.2!

Typically, the initialization of a population is generated
randomly, making it difficult to ensure the quality of the
initial population. Therefore, this study considers the in-
troduction of a nonlinear Skew Tent mapping model (as
shown in Equation (16)),22 which has a more uniform prob-
ability density and faster iteration speed, to generate
chaotic sequences for initialization.

T
Tryr = o
_ (-m)
Tg+1 = —9) !

In equation (16), when ¢ € (0 - 1) and z € [0 - 1], it repre-
sents a chaotic state.

O<ar <o
(16)

p<zp<l1

1)ENCIRCLING PREY

Assuming the current best solution is the target optimal so-
lution, after defining the best search method, other search
agents will tend toward the best search agent and update
their positions accordingly. This can be represented by the
following equation (17):

Dy = |CX*(t) — X(t)]

{X(t+ 1)=X*(t) — A-D; an)

In the above equation, t represents the current iteration
number, X *(¢) is the vector of the best position up to now,
X (t) is the position vector of the current individual, A and
C are coefficient vectors, represented as follows in equation
(18):

A=2a-7—a
C=2-r (18)

2

a:2—ﬁ

In the above equation, a decreases linearly from 2 to 0 over
the whole process, while r is the random vector in [0,1] and
Tax is the maximum number of iterations.

To enhance the global search capability of WOA and
avoid falling into local optima, this study incorporates an
improved adaptive inertia weight w into the process of up-
dating individual positions as shown in equation (19).23 In
the early iterations, a larger w can enhance global search,
in the later iterations, a smaller w should be used to facili-
tate local optimization.

{ w:1+sin(2£fax)
X(t+1) =wX*(t)—A- Dy

Where, t represents the current iteration number, and #,x
is the maximum number of iterations. The dynamic nonlin-
ear nature of w is used to control the extent to which the
whale positions affect the positions of new individuals in
the population.

Furthermore, by observing the WOA algorithm, it can be
seen that the algorithm’s global search capability largely
depends on the value of A. From equation (17) and (18),
it is evident that A changes with a. Therefore, this paper
adopts a nonlinear convergence factor a (as shown in equa-
tion (20)), which dynamically changes nonlinearly with the
increase of the iteration number, to balance the global and
local search capabilities of the WOA algorithm:

a(t) = (as — ae) — (M)m

max

(19)

(20)

Where, a, and a. represent the starting and ending values
of the convergence factor, respectively ¢ is the current iter-
ation number, t,,., is the maximum number of iterations,
m € (0 - 1) represents the nonlinear adjustment coeffi-
cient.
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2)BUBBLE-NET ATTACK

When whales use bubble-net feeding, they move in a spiral
shape between themselves and the prey. This can be im-
itated and expressed by the spiral equation as shown in
equation (21):

{X(k+1) = D' e cos(2ml) + X*(t) (21)

D' = [X*(t) — X(¢)|

In the above formula, D’ is the distance from the current
search entity to the optimal solution; b is the constant that
defines the logarithmic spiral shape, and [ is the random
number between [-1,1].

As humpback whales spiral closer to their prey, they
move along two paths: a spiral path and a shrinking circle
path. To simulate this behavior, during the optimization
update, the spiral and circle shrinking paths are chosen
based on a probability pp. The position update model is as
follows in equation (22):

wX*(t)—A-Dy, p<0.5

Xk +1) = {D’ - e . cos(2nl) + X*(t), p > 0.5
Where p is the random number in [0,1].

(22)

3)SEARCH FOR PREY

To ensure that all whale individuals can fully search for
prey, this optimization algorithm updates the positions
based on the distances between each individual. When
|A| < 1, the optimal search strategy is chosen for local
search to update the position, as shown in equation (19),
when |A| > 1, indicating a need to move away from the ref-
erence individual, a random search strategy is chosen for
global search to implement the encircling mechanism. The
equation is as follows in equation (23):
{ D, = |C : Xrand(t) - X(t)l
X(t+1) =wX,ana(t) — A- Dy
Where, X,,4(t) is the position vector of random individu-
als in the current population.
The comprehensive search position update strategy is as
follows:

(23)

X*(t)—A-Dy, p<05U|4] <1
X(k+1) = D" cos(2nl) + X*(t), p> 05U |A| < 1
Xyand(t) —A- Dy, p< 05U 4| > 1

The IWOA algorithm flow is as follows:

Step 1: Define the population size, search space dimen-
sionality, and maximum number of iterations. Initialize the
whale population, individual positions, convergence factor
a, and parameter vectors A and C.

Step 2: Calculate the fitness value of each individual in
the whale population and select the top N individuals based
on their fitness rankings.

Step 3: Replace the six tunable coefficients in the IADRC
with the individuals generated by the IWOA.

Step 4: Update the positions of the individuals under the
guidance of the six tunable coefficients.

Step 5: Update the convergence factor a and the parame-
ter vectors A and C.

Step 6: Calculate the fitness values of the population in-
dividuals and update the positions of the six tunable coeffi-
cients in the IADRC.

Step 7: Determine whether the maximum number of it-
erations has been reached. If the maximum number of it-

(24)
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erations has been reached, terminate the computation and
output the optimal positions. If not, repeat Steps 2 to 6.

4.2. IWOA ALGORITHM PERFORMANCE INDEX TEST

In order to verify the effectiveness and advantages of the
Improved Whale Optimization Algorithm (IWOA) proposed
in this paper, it is compared with the Whale Optimization
Algorithm (WOA), Genetic Algorithm (GA), and Grey Wolf
Optimizer (GWO) using three test functions (as shown in
Table 1). The population size is set to 30, and the number
of iterations is set to 500. The final results of the three al-
gorithms are recorded as shown in Table 2.

From Table 2, it can be observed that for the three test
functions fi(z), f2(z) and f4(x), within 500 iterations, the
experimental results show that the IWOA algorithm
achieves significantly higher accuracy in terms of the opti-
mal and average values compared to the other three algo-
rithms. This makes it easier to obtain the optimal solution.

The convergence speeds of the four algorithms with a
uniform number of iterations set to 500 are shown in Figure
7 to Figure 9.

Whereas, in Figure 7, the test function is fi(z), with a
smooth surface in the function space on the left and the
unique optimal solution at 0 on the bottom. The right side
shows the target space graph, indicating that the IWOA al-
gorithm reaches the optimal solution around iteration 340,
demonstrating that the convergence speed and accuracy of
the IWOA are significantly faster and better than the other
three algorithms. In Figure 8, the test function is fi(z),
which has several local optimal solutions and a global opti-
mal solution in the function space. The graph on the right
shows that the IWOA can reach the optimal solution at it-
eration 500, while the other three algorithms cannot con-
verge to the optimal solution, indicating that the optimiza-
tion speed and accuracy of the IWOA are superior to the
other three algorithms. In Figure 9, the test function is
fa(z), which has discontinuities in the function space. The
graph on the right shows that the IWOA can find the opti-
mal solution within 500 iterations, demonstrating the high-
est convergence speed and accuracy.

Hereby, It can be concluded that the Improved Whale
Optimization Algorithm (IWOA) proposed in this paper op-
timizes the initial population to ensure its diversity and
uniformity. During the position update process, an im-
proved adaptive inertia weight w is incorporated. Addition-
ally, a nonlinear convergence factor a is introduced, which
varies nonlinearly with the increase in iteration count to
balance the algorithm’s global exploration and local ex-
ploitation capabilities. The algorithm exhibits faster search
speed and higher optimization accuracy when optimizing
the parameters of nonlinear systems. Therefore, applying
the IWOA algorithm to optimize the parameters of an ADRC
is of practical significance. Consequently, the IWOA algo-
rithm is employed as the optimization method for tuning
the parameters of the ADRC.
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Table 1. Test Function

Test Function Name Variable Range Optimum
d
f@) =) = [~100 - 100] 0
i=1
d d
foz) = lail + I ] |l [~10 - 10] 0
i1 i=1
d
fa(z) = Z (z7 — 10cos (2mz;) + 10) [—5.12 - 5.12] 0
i=1
Table 2. Test Result
Test Average Optimum
Function WOA GWO GA IWOA WOA GWO GA IWOA
fl(w) -2.67E-38 1.02E-15 1.21E-4 1.98E-164 6.35E-73 8.27E-28 1.73E-5 0
fz(a:) 5.07E-54 1.78E-20 1.62E-2 1.45E-299 1.53E-52 1.70E-17 3.61E-3 1.0E-297
fa(z) -7.09 -2.41E-8 -6.23 6.93E-284 45.63 2.28E-07 75.41 1.21E-282
Parameter Space Target Space
am . :
10
Woa
GA
GWOD
& — WOA ]
=100
& 10
1]
peh
=
]
i)
—
W yg-200]
[w}
100
10300 | . | | |
=100 -100 100 200 300 400 500

X

teration

Figure 7. The convergence rate of the algorithm whose function is f;(z).

RESULTS

According to the DP controller structure diagram, a simu-
lation block diagram of the surge-sway-yaw three-degree-
of-freedom anti-disturbance control system is constructed
in Simulink. The model is built by connecting the modules
of the control system to form a visual model of the motion
control system for an aquaculture support vessel. This
study takes a deep-sea aquaculture support vessel as the
simulation object and uses MATLAB software and
SIMULINK to build a simulation model to verify the perfor-
mance of IWOA-optimized DOB control in ship DP systems.
The simulation system structure is shown in Figure 10.
The function of the Improved Whale Optimization Algo-
rithm (IWOA) is to optimize and tune the gain parameters

Israeli Journal of Aquaculture - Bamidgeh

in the Extended State Observer (ESO) of the Active Distur-
bance Rejection Controller (ADRC). The goal is to find a pa-
rameter combination that minimizes the absolute value of
the system error, specifically using the minimum value of
the Integral of Absolute Error (IAE) function (as shown in
Equation 25) as the objective function for optimization.
ITE=1Y0, (yi— i)’ (25)

In this case, y; represents the actual output, g; is the de-
sired output, and n is the required population size for the
IWOA. The maximum number of iterations #,,.,=500, is set
as the termination condition for the IWOA optimization.
The process for optimizing the ADRC parameters in this
study is illustrated in Figure 11.

The relevant parameters of the aquaculture vessel are
shown in Table 3.
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Figure 10. Simulation system structure block diagram.

Using the ship’s relevant parameters described in Table
3, combined with the multiple regression analysis formula
obtained by Zhou Zhaoming for the Moriya diagram in
Japan24 and the relevant hydrodynamic derivative formu-
las,25-27 an estimate is made. Additionally, to verify the
simulation experiment, the corresponding physical quanti-
ties are non-dimensionalized according to the “Prime Sys-

tem of SNAMEZ28”. Finally, the non-dimensional mass mo-
ment of inertia matrix and damping coefficient matrix of
the vessel are calculated as shown in Equation (26):

6.2754 0 0
M=]| 0 1.3723  —0.2437
| 0 02437 0.2577 ] (26)
1.2791 0 0
D=| 0 2.6297 —0.2533
| 0 —0.2224 —0.1305

Assuming the ship starts from the current position
no = (0,0, O)T, to the desired position 7, = (50, 30, 11.5)T.
To verify the effectiveness of the proposed control algo-
rithm, simulations are conducted in two modes: without
disturbances and with disturbances. These are compared
with traditional algorithms and other active disturbance re-
jection control (ADRC) algorithms used in the literature.
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Figure 11. Improved WOA Optimized IADRC parameter
flow chart.

Since the improved GWO adopted in Reference 129 is used
for optimizing the ADRC in the DP system, it is taken as
a reference for comparison in this simulation. The simu-
lation results of the aquaculture support vessel DP system
ADRC optimized by IWOA, traditional GA, WOA, and GWO
are shown in Figures 12 to 14, with the data comparison
presented in Table 4.

From the simulation results and Table 4 above, the fol-
lowing can be observed: (1) Figures 12 to 14 show the sim-
ulation results of the ship’s yaw, surge, and sway motions
in calm water without disturbances. It can be seen from the
figures that the ADRC controllers optimized by all four al-
gorithms are able to control the ship to reach the desired
position effectively.

According to the simulation data comparison in Table 4,
the IWOA-ADRC optimized system has the smallest over-
shoot. In the yaw angle response, the system’s overshoot
is reduced by 76%, 35%, and 95% compared to the GWO-
ADRC, WOA-ADRC, and GA-ADRC methods, respectively.
From Figures 12 and 13, it can be observed that the GA-
ADRC method does not reach stability in the surge and
sway directions within a short period, exhibiting slow con-

Table 3. The main parameters of the aquaculture ship
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Figure 12. Yaw angle response curve.
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Figure 13. Surge direction response curve.

vergence and oscillations. This not only significantly delays
the system’s stabilization time but also causes system vi-
brations. The WOA-ADRC method has slower response
speeds in the yaw angle and sway directions compared to
other methods. In the sway response, it takes too long
(about 11s) to stabilize, similar to GA-ADRC, showing poor
speed and stability. The method from Reference 1 (GWO-
ADRC) has faster response and convergence rates in the

Hull Parameter Name Numerical Value
Overall length (m) 245
Vertical line (m) 240

Breadth (m) 45.00

Depth (m) 22.00

Design Draft Depth (m ) 14.00
Structural Draft Depth (m) 15.00

Waterline length (m ) 245
Squareness factor 0.85
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surge and sway directions, demonstrating certain speed and
stability advantages. However, in the yaw angle response,
the system stabilization time is too long, which may lead
to instability. In comparison, the IWOA-ADRC method re-
duces the system’s overshoot by over 60% in all three de-
grees of freedom compared to the method in Reference
1, improving system stability and steady-state accuracy.
Moreover, it achieves the desired target and stabilizes in the
shortest time among the four methods. Therefore, under
disturbance-free conditions, the IWOA-ADRC system has
the fastest response speed and the best stability.

Considering that environmental disturbances are always
present at sea, and internal liquid sloshing in the aquacul-
ture support vessel can also generate disturbance signals, a
step function is introduced at 12 seconds in the simulation
to simulate the disturbances encountered during ship nav-
igation. The final comparison results are shown in Figures
15 to 17, and the simulation data with disturbances are pre-
sented in Table 5.

Figures 15 to 17 show the simulation results of the sys-
tem under the influence of disturbances. From the figures,
it can be observed that the control systems optimized by all
four algorithms are able to restore stability after a certain
period of disturbance, demonstrating a certain level of dis-
turbance rejection capability. The experimental data com-
parison is presented in Table 5. It can be found that in the
yaw angle response, the IWOA-ADRC method reduces the
system’s overshoot by 74%, 86%, and 93% compared to the
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Figure 15. The yaw angle response curve after adding
interference.
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Figure 16. The response curve of the surge direction
after adding interference.

GWO-ADRC, WOA-ADRC, and GA-ADRC methods, respec-
tively.

In the surge direction response curve, the GA-ADRC and
WOA-ADRC methods both achieve stability before the dis-
turbance. The overshoot values of the IWOA-ADRC and
GWO-ADRC methods are similar. After the disturbance, the
IWOA-ADRC method restores the system’s longitudinal

Table 4. Simulation data comparison under no disturbance conditions

IWOA GWO WOA GA
Yaw angle /(°) 11.515 11.563 11.523 11.773
Maximum longitudinal displacement /m 50.096 50.471 51.016 51.666
Maximum lateral displacement /m 30.021 30.083 30.101 30.212
Pitch recovery time under disturbance /s 3.396 5.511 5.500 4.035
Longitudinal recovery time under disturbance /s 7.972 9.225 14.222 14.991
Lateral recovery time under disturbance /s 7.606 7.894 11.490 11.499
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Figure 17. The response curve of the sway direction
after adding interference.

stability at the fastest speed (4.721s after the disturbance),
demonstrating its rapid response capability.

In the sway direction response curve, after the distur-
bance is introduced, both the GA-ADRC and WOA-ADRC
methods respond more slowly (approximately 2 seconds
later than the previous two methods) and exhibit some
steady-state error. The IWOA-ADRC and GWO-ADRC meth-
ods have the fastest initial response and shorter times to
restore lateral stability (4.311s and 4.975s after distur-
bance, respectively). However, the GWO-ADRC method has
a larger overshoot. In contrast, the IWOA-ADRC method re-
duces the system’s overshoot by up to 10%.

It can be concluded that the IWOA-ADRC method can re-
spond quickly after system disturbances and maintain good
steady-state accuracy, enhancing both the system’s speed
and control precision.

DISCUSSION

To address the uncertainties in the vessel model and the
difficulties in modeling caused by external environmental
disturbances and internal fluid disturbances in deep-sea
aquaculture working ships’ dynamic positioning (DP), a DP
controller based on Improved Active Disturbance Rejection
Control (IADRC) has been designed. Additionally, the Im-
proved Whale Optimization Algorithm (IWOA) has been in-
corporated to overcome the challenges of parameter tuning
for the DP controller.

According to the Simulink simulation results from the
previous chapter, the IWOA-IADRC control strategy reduces

the system overshoot ratio by over 70% in both distur-
bance-free and disturbed scenarios compared to the GWO-
IADRC strategy used in Reference 1. Specifically, the over-
shoot reduction rates for the longitudinal and lateral
response curves under disturbance-free conditions are ap-
proximately 80% and 75%, respectively. After disturbance,
the IWOA-IADRC strategy stabilizes the longitudinal and
lateral responses 0.423 seconds and 0.664 seconds faster
than the GWO-IADRC strategy. Ultimately, the designed DP
controller demonstrates superior response speed, stronger
disturbance rejection capability, and enhanced dynamic
performance compared to the WOA-IADRC, GWO-IADRC,
and GA-IADRC-based DP controllers, ensuring the vessel’s
stability and resilience against disturbances.

The main breakthroughs and shortcomings of this study
are as follows:

1. Improved the ADRC system structure by adding a
first-order integral gain system compared to tradi-
tional nonlinear state control. This effectively en-
hanced the system’s stability and tracking accuracy
but reduced its response speed. Further improve-
ments are needed for scenarios with high demands on
system response speed, such as: Improved the per-
formance of the Extended State Observer (ESO), en-
hancing the observation and compensation of distur-
bances.

2. In parameter tuning, an IWOA optimization algo-
rithm was designed, which effectively addressed the
issues of insufficient convergence speed and opti-
mization accuracy in the traditional WOA algorithm
when applied to the IADRC controller. This improve-
ment increased the efficiency of system parameter
optimization and control effects. However, the intro-
duced chaotic search strategy, while enhancing the
probability of avoiding local optima, may lead to long
processing times and a sharp decline in optimization
effectiveness in scenarios with large spaces and nu-
merous variables. To effectively address this issue in
subsequent studies, a co-evolutionary strategy can be
introduced, where the population is divided into mul-
tiple subpopulations that evolve collaboratively.

3. Additionally, this study was unable to completely
eliminate phase lag in the processing of high-fre-
quency noise interference. In the future, adaptive fil-
tering or the incorporation of a phase compensation
component in the filter design could be introduced to
mitigate the lag effect.

Table 5. Simulation data comparison under disturbance conditions

IWOA GWO WOA GA
Yaw angle /(°) 11.542 11.661 11.799 12.101
Longitudinal stabilization time under disturbance /s 17.721 18.144 18.695 18.171
Lateral stabilization time under disturbance /s 17.311 17.975 19.078 18.740
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