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To address the precision degradation of marine equipment under coupled hydrodynamic disturbances,
this study develops a 6-degree-of-freedom (6-DOF) stabilization platform with a fuzzy adaptive proportional—
integral—derivative (PID) control architecture. The kinematic model is established via analysis based on the
virtual-work principle, complemented by Monte Carlo simulations for workspace characterization. A fuzzy
inference engine dynamically adjusts PID parameters through rule-based adaptation, demonstrating superior
disturbance rejection. Comparative simulations indicate a 50 % reduction in settling time (7.0 s to 3.5s), zero
overshoot, and < 0.03° steady-state tracking error under 2 Hz sinusoidal excitation. A human—machine interface
(HMI) for the shipboard stabilization platform is developed using the Qt Creator framework, integrating real-
time trajectory tracking and parameter tuning. The research advances marine stabilization technology through
mechanical optimization via virtual-work modeling and control enhancement via fuzzy—PID synthesis. Experi-
mental validation confirms the framework’s capability to maintain sub —0.03° precision under dynamic maritime

conditions.

Under combined marine wind and wave effects, ships ex-
hibit complex multi-degree-of-freedom motions, including
roll, pitch, and yaw (RPY), significantly compromising the
operational accuracy of onboard equipment (Tu et al., 2022;
Qiang et al., 2024). Current research on shipboard stabiliza-
tion platforms focuses on structural design and control strate-
gies (Chen et al., 2024; Liu et al., 2025; Mei et al., 2021).

In structural design, novel parallel mechanisms dominate
recent advancements. Liu et al. (2023) developed a 6-degree-
of-freedom (6-DOF) parallel platform with motion predic-
tion compensation, achieving < (0.7° average attitude track-
ing error under Sea State IV. Tang et al. (2023) proposed a hy-
brid serial-parallel platform that extends attitude adjustment
range by 35 % through additional serial modules. Zhang et al.
(2024) established an inverse kinematics model based on a 6-

UCU (where U denotes universal joint and C denotes cylin-
der joint) structure, demonstrating a &= 5° disturbance rejec-
tion capability in dynamic simulations. Notably, Han et al.
(2023)’s 3-UPS/S (where U denotes universal joint, P de-
notes prismatic joint, and S denotes spherical joint) mech-
anism achieves a millisecond-level response time in continu-
ous forward kinematics analysis, while Koraaa et al. (2024)’s
2-UPU (where U denotes universal joint and P denotes pris-
matic joint) platform verifies + 1.2 mm actuator stroke accu-
racy via Simscape multibody modeling. Liu et al. (2024)’s
6-PRSS (where P denotes prismatic joint, R denotes revo-
lute joint, and S denotes spherical joint) structure exhibits a
0.85m? effective workspace in multi-vibration-mode track-
ing, and Pashkov (2024)’s modified Gough—Stewart platform
extends the linear motion range by 15 %.

Regarding control strategies, advanced algorithms contin-
uously enhance performance (Ya et al., 2023a, b; Lei et al.,



2024). Zhao et al. (2022)’s fractional-order active distur-
bance rejection control reduces stabilization time by 30 %,
while Vu et al. (2022)’s fuzzy sliding-mode control de-
creases actuator saturation by 40 %. Zhou et al. (2023)’s hy-
brid equivalent-input-disturbance and sliding-mode method
improves disturbance rejection by 25 %, while Gong et al.
(2023)’s fault-tolerant control maintains < 0.5° attitude er-
ror under 20 % actuator failure. Chen et al. (2023)’s triple-
loop active disturbance rejection control (ADRC) strategy re-
duces power consumption by 18 % while enhancing decou-
pling performance, and Lv et al. (2024)’s dynamic gravity-
compensated PD control decreases 3-RCU (where R denotes
revolute joint, C denotes cylindrical joint, and U denotes uni-
versal joint) platform sway amplitude by 62 %.

Despite these achievements, two challenges persist: (1)
most control strategies rely on offline simulation without
real-time interaction with multibody dynamic models; (2)
parameter tuning depends on empirical trial and error and
lacks online adaptive mechanisms under environmental dis-
turbances. Our study addresses these gaps through ADAMS—
MATLAB co-simulation for high-fidelity digital-twin con-
struction, a fuzzy adaptive proportional-integral-derivative
(PID) algorithm for dynamic parameter optimization, and a
visualization interface based on Qt Creator. Experimental re-
sults demonstrate a 42 % faster response time and a 58 %
lower steady-state error compared to conventional PID, pro-
viding a novel, real-time control solution for shipboard sta-
bilization systems.

To mitigate wave-induced disturbances in maritime trans-
portation, this study developed a 6-DOF parallel mechanism.
The workspace was geometrically characterized through
Monte Carlo simulations, supported by forward kinematics
solutions. Dynamic equations were systematically derived
using virtual-work principles. Experimental validation con-
firmed close agreement between measured platform trajecto-
ries and simulated actuator forces, demonstrating the model’s
efficacy in maritime motion compensation.

The kinematic modeling begins with coordinate system es-
tablishment:
(1.) Multibody reference frames (Fig. 1) were defined as

{G} — Earth-fixed inertial frame (global reference),
{E} — vessel-attached base frame (lower platform),

{ F'} — end-effector frame (upper moving platform).

Schematic diagram of the reference systems of the ship-
borne stabilized platform.

Key design parameters of the 6-DOF parallel platform.

Design parameter Specification  Unit

Upper-platform radius 0.5 m
Lower-platform radius 0.8 m

Rod mass 1.5 kg
Upper-hinge distribution angle  16°+0.2° degrees
Lower-hinge distribution angle ~ 13°+0.2° degrees
Maximum workspace volume 0.85 m3

(2.) Coordinate transformations between frames were con-
structed using

PG = RE(Ogy) (PE + R§(®Fp)pF) +16- M

where P is the absolute position in {G}, Rg € SO(3)
is the vessel-to-Earth rotation matrix (RPY angles Ogy =
[¢,0, I/I]T), Rg € SO(3) is the platform-to-vessel rotation
matrix (Opp = [a, B, ¥17), and tg is the translation vector
from {G} to { E} origin.

(3.) Ceritical parameters, including geometric dimensions
and mass properties, are listed in Table 1, and the coordinate
relationship symbols are systematically defined in Table 2.

As shown in Fig. 2 for the distribution of the hinge position
of each key connection point of the shipborne stabilized plat-
form, the position of the origin of the { '} coordinate system
under the { E} coordinate systemis £ O = (£ OEX OEy OF;).

The position of the upper platform center of mass in {F}
is {¥Cyp} and its position under the {E} system is {¥Cyp},
which can be calculated by

ECyp=F0r+ERCyp. 2)

The distribution of the hinge nodes of the shipborne sta-
bilized platform is shown in Fig. 3. The position of the
ith hinge point of the upper platform under the {F} coor-
dinate system can be expressed as ©'S; = (F'S;. 75,7 Si)T.



Symbol definitions and coordinate relationships.

Symbol  Physical definition Mathematical type Reference
frame

Pr Origin position of {F} in {E} Translation vector € R3 {E} — {F}

Rg ER Rotation matrix ({ F'} to {E})/ Orthogonal matrix € SO(3) {F}— {E}/
Rotation matrix ({E} to {F'}) {E} - {F}

Rg/gR Ship attitude rotation matrix ({E£} to Gy Orthogonal matrix € SO(3) {E} — Gy
Ship attitude rotation matrix ({G} to {E}) {G} — {E}

I(,,zR/gR Rotation matrix ({G} to {F})/ Orthogonal matrix € SO(3) {G}— {F}/
Rotation matrix ({ F'} to {G}) {F} - {G}

u lF ith upper universal joint in { F'} Position vector € R3 {F}

vE ith lower universal joint in {E} Position vector € R3 {E}

Note: All coordinate systems follow the right-hand rule. Rotation matrices comply with RT =R 1

Distribution diagram of the main hinge points of the ship-

borne stabilized platform.

The position of the ith hinge point of the platform on the
shipborne stabilized platform can then be expressed in the

{E'} coordinate system by

Es;=For+LERTS;. 3)

The position of the gimbal center point of the ith leg of the

lower platform in the { E'} coordinate system can be expressed

asfU; = (& U,»xEUiyEU,-Z)T. The ith leg length vector is J ¥,

which is obtained by solving for its upper gimbal center and
lower gimbal center points in the { £} coordinate system.

Ere=ts-*ui “
From the above rotation matrix, we obtain
YR=GRER. )
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The figure of the fixed-attitude workspace solution re-

sults.

In comparison with the previous section, the {E} coordinate

system is a local coordinate system that moves with the in-
ertial coordinate system. Thus, the center-of-mass position
of the platform on the shipborne stabilized platform in the
{G} coordinate system is as follows:

“Cup=%0L+ER Or + {RER Cyp, 6)

where ¢ O represents the coordinate position of the origin
of the {E} coordinate system in the {G} coordinate system
and £ Cyp represents the position of the upper platform under
the {E} coordinate system. The solution based on the above
positions’ yields the following:

“Cup=C0r +SREC,. (7)

Both sides of Eq. (7) are differentiated to first order in
time, and the velocity of the center of mass of the upper plat-
form in the {G} coordinate system is solved as follows:

“Cup =0 +SRECyp x G+ GREC,,,

®)
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where ¢ Opf represents the velocity of the origin of the
{E} coordinate system in the {G} coordinate system, gd) rep-
resents the angular velocity of the {E} coordinate system in
the {G} coordinate system, and © Cup represents the velocity
of the upper platform under the { £} coordinate system.

The acceleration of the center of mass of the upper plat-
form in the {G} coordinate system is solved by second-order

differentiation against time on both sides:
OCup =05+ IR Cup x o+ ({RF Cup x o)
x G +28w x GRECyp + GRECyp, ©

where ¢ O represents the acceleration of the origin of the
{E} coordinate system in the {G} coordinate system and ga)
represents the angular acceleration of the { E} coordinate sys-
tem in the {G} coordinate system. The angular velocity of the
upper platform in the {G} coordinate system, i.e., the angular
velocity of the {F'} coordinate system in the {G} coordinate
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The inverse solution results in acceleration.

system, is as follows:

Co=Sw+GRE (10)

The angular acceleration of the upper platform in the
{G} coordinate system is solved for both sides of Eq. (10)
for first-order differentiation in time:

Yo=S0+ %S RE0+CRE®, (11)

where ga) represents the angular acceleration of the center

of mass of the upper platform in the {G} coordinate system.
The position of the center of the first leg in the {G} coordinate
system is as follows:

G5, =0 +GRES;. (12)

The first-order differentiation of time on both sides of
Eq. (12) is solved for the velocity of the center of the first
leg in the {G} coordinate system:

S =0 +Gwx GRES; + GRES;. (13)

The acceleration of the center of the ith leg in the {G} co-
ordinate system is solved for the second-order differentiation
of time on both sides of Eq. (13):

05, =%0p+SoxSRES; +Sw x (CE;RES,- x CE;a))
+9RES; +28w x GRES;. (14)

The position of the piston center of mass in the ith leg in
the {G} coordinate system is as follows:

Grtu—GOE+ER Tiu- (15)

The first-order differentiation of time on both sides of
Eq. (15) is solved for the velocity of the piston center of mass
of the first leg in the {G} coordinate system:

“Fiu="0p + G x TR riy+ §RE iy (16)



The angular velocity of the ith leg of the shipborne stabi-
lized platform in the {G} coordinate system Q0@ is solved as

follows:

060 =Fo+FRyrw. (17)

The angular velocity QGa) of the ith leg in the {G} coordi-

nate system is solved for both sides of Eq. (17) for first-order
differentiation in time:

00 =G+ ERprox o+ FRyrb. (18)

The acceleration of the piston center of mass of the ith leg
in the {G} coordinate system is solved for the first-order dif-
ferentiation of time on both sides of Eq. (16):

Gi:iuzGéE‘i‘GRE;:iu“l‘ngXGREriu‘i‘gw
x (gwxER rlu)+2wa G RE 4. (19)

The position of the cylinder center of mass at the
ith branch angle in the {G} coordinate system is as follows:

Gril = GOE + (E;REI‘,']. (20)

Both sides of Eq. (20) are differentiated to the first order
in time, and the velocity of the cylinder center of mass of the
ith leg in the {G} coordinate system is solved as follows:

Gi51=GOE+ng gREri1+gREf,~1. 21)

The acceleration of the cylinder center of mass of the
ith leg in the {G} coordinate system is solved for the second-
order differentiation of time on both sides of Eq. (21):

G5 =%0p+ %o x SR i +Sw x (ga) X EREr,1>

+9REFy +2%0 x GREy. (22)

In this paper, a stochastic probabilistic algorithm based on
a numerical method, the Monte Carlo simulation method,
is used. It is particularly noteworthy that the error of this
method is not associated with the dimensionality of its sys-
tem and can be solved directly for problems containing sta-
tistical properties in the system, while no discretization is
required for continuous problems (Hunek et al., 2022; Jing
et al., 2024).

For the randomness of the Monte Carlo method, we use
the rand () function for the representation, followed by the
random number selection of the joint angles of the shipborne
stabilized platform in its angle range. The code is as follows:
Ominx (7t /180)+(fmax—6Omin) x (7 /180) x rand. The mean-
ing of this code is as follows: taking the angle range as the
minimum value is used as the basis, and the random number

in the angle range is added to get the current joint random
value of this axis. Finally, the end position is obtained by the
kinematic script and plotted by the plot3() function to ob-
tain the approximate workspace. The number of steps set in
this practical example is 40 000, whether it is a scatterplot
or an indicator of the workspace, the accuracy of which de-
pends on the pre-set step size. The Monte Carlo simulation
method is more convenient for the spatial evaluation of the
workspace, as shown in Fig. 3 for the graph of the results of
this fixed-attitude workspace solution.

Based on the above kinematic model of the shipborne sta-
bilized platform, the simulation program is established, and
the parametric motion simulation of the shipborne stabilized
platform is realized through the user interface. The parame-
ters of the stabilized platform are input, including the outer
circumferential radius of the platform and the distribution an-
gle of the platform hinge point; the motion trajectory of the
platform is filled in; and the position of the inverse solution
to get the rod length position curve and data of the platform
is selected. The inverse solution results are shown in Fig. 4.

Similarly, by inputting the machine parameters and mo-
tion trajectory and then selecting the velocity inverse solu-
tion, the rod length velocity curve and data of the drive joint
can be obtained; these output results are shown in Fig. 5.
After inputting the parameters and selecting the acceleration
inverse solution, the rod length acceleration curve and data
of the drive mechanism can be obtained; these output results
are shown in Fig. 6.

For an input yaw angle of 15°, a pitch angle of 20°, and a
roll angle of 25°, the output spatial position compared with
the initial position is shown in Fig. 7a. For an input yaw angle
of —5°, a pitch angle of —15°, and a roll angle of —10°, the
output spatial position compared with the initial position is
shown in Fig. 7b.

Based on D’ Alembert’s theorem, the inertial force acting on
each moving part of the platform on the shipborne stabilized
platform can be expressed as

fu=-m%Cy, (23)

where m, represents the mass of the platform on the ship-
borne stabilized platform.

The gravitational force applied to the upper platform can
be expressed as

Gu=mug, (24)

where g represents the acceleration of gravity.
The upper-platform inertia force can be expressed as

M,=-°1, Fw—,ga)x (Glugw>, 25)
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Realization of the 6-DOF shipborne stabilized platform. The required degrees of freedom are obtained as follows: (a) translate in
the X direction, (b) translate in the Y direction, (c) translate in the Z direction, (d) rotate around the X axis, (e) rotate around the Y axis, and

(f) rotate around the Z axis.

where f I, represents the inertia tensor of the upper platform
at {G}.

“L=%RFL,ER, (26)

where I, represents the inertia tensor of the upper platform
at {F}, gR = gRT. The inertia force of the ith leg piston is
as follows:

fio = —miyCF, 27)

where m;, denotes the mass of the ith foot piston.
The gravity of the ith leg piston can be expressed as

Giu=mjug. (28)

The moment of inertia of the ith leg piston can be ex-
pressed as

Miu:—GIiqu.Gd)—Qiwa (GliuQiGa)), 29)

where © I;,, represents the inertia tensor of the ith foot piston
at {G}.
L= 0,RY &R, (30)

where < I, represents the inertia tensor of the first leg piston
under {Q;} and gi R represents the rotation matrix from {G}

0 {0} ('R =0,°R").
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The inertia force of the ith leg cylinder is as follows:
fir=—maCFi, (€Y}

where m;| represents the moment of inertia of the ith leg
cylinder.

Miy=-C5110,% — 0, x (GIiIQiGw) , (32)

https://doi.org/10.5194/ms-16-325-2025
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Figure 11. A control subsystem module.

where © I; represents the inertia tensor of the ith foot sleeve
under {G}.

O liu=0,°RY I,-u(Q;"R, (33)
where @i I;, represents the inertia tensor of the ith leg under
the cylinder.

2.3 Platform performance analysis

The experimental framework established 12 gimbal centers
as coordinate origins, with corresponding components sys-

Mech. Sci., 16, 325-342, 2025
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tematically integrated: gimbal vices positioned at each pivot
node, cylindrical joints connecting motion rods to outer rails,
and a central-point drive mechanism mounted on the up-
per platform (Fig. 8). Parameter initialization involved a
two-phase simulation protocol — commencing with a 35s
dynamic analysis encompassing 4000 computational steps
for platform trajectory validation, followed by a 9.36 s pre-
cision simulation executing 982 discrete steps for actua-
tor force quantification. The implemented drive functions
demonstrated 6-DOF motion compliance (Fig. 9) and en-
abled directional vector analysis of actuator forces (Fig. 10).

Simulation outcomes substantiated the virtual prototype’s
efficacy through three critical performance indicators: rapid
response capability, evidenced by sub-15s motion cycle
completion across all translational axes (Fig. 9); smooth
force transitions, maintaining continuous derivative profiles
in all actuators (Fig. 10); operational stability, demonstrated
by force curves exhibiting monotonic variation patterns. This
validation establishes reliable foundational support for ma-
rine stabilization platform co-simulation studies, confirming
effective coordination between dynamic responsiveness and
operational steadiness.

Based on the virtual-prototype model of the shipboard sta-
bilization platform established above, data exchange of state
variables is performed to realize the joint simulation and an-
alyze the system at the same time.

The co-simulation process of the shipborne stabilized plat-
form is divided into three steps. The first is model building,
which consists of three main aspects: geometry modeling, el-
ement division, and attribute definition. Secondly, the input
and output interfaces of the built model are set up, determin-
ing the inputs and outputs. Finally, the simulation parameters
are set to carry out the joint simulation, plot the simulation
curves, and solve the simulation results.

The model is first initialized with parameters, and the simu-
lation software is then interconnected, as shown in the selec-
tion window of Simulink in Fig. 11. The S-Function module
encapsulates the nonlinear model of the shipborne stabilized
platform developed in the previous section, while the State-
Space module specifically refers to the linearized state—space
representation derived from the original nonlinear multibody
dynamics model through ADAMS-software-based lineariza-
tion. This linearized model serves two critical purposes:

1. simplify the controller design by reducing model com-
plexity;

2. enable joint simulation verification, particularly under
conditions involving small disturbances.

The Adams_sub module contains the complete nonlinear
equations and associated variables, with the S-Function mod-
ule providing the interface for co-simulation. As shown in
Fig. 12, this dual-model architecture integrates both repre-
sentations to achieve a comprehensive dynamic analysis ca-
pability.

In the co-simulation, traditional frequency-domain analy-
sis methods based on transfer functions (e.g., Bode plots and
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Table 3. Fuzzy control table of AKyp.

€c

NB NM NS Z PS PM PB
NB PB PB PM PM PS Z Z
NM PB PB PM PS PS Z NS
NS PM PM PM PS Z NS NS
Z PM PM PS Z NS NM NM
PS PS PS Z NS NS NM NM
PM PS Z NS NM NM NM NB
PB Z Z NM NM NM NB NB

Table 4. Fuzzy control table of AKj.

e ec

NB NM NS Z PS PM PB
NB NB NB NM NB NS Z Z
NM NB NB NM NM NS Z Z
NS NB NM NS NM Z PS PS
Z NM NM NS NS PS PM PM
PS NM NS Z Z PS PM PM
PM Z Z PS PS PM PM PB
PB Z Z PS PM PM PB PB

Table 5. Fuzzy control table of AKy.

333

€C

root locus) are challenging to apply directly, due to the non-
linear multibody dynamics model of the platform (ADAMS—
Simulink coupling). Consequently, the initial PID parameter
tuning adheres to a stability-first principle, employing em-
pirical tuning methods: the baseline proportional gain is de-
termined through the Ziegler—Nichols critical gain method
based on step response characteristics, while integral and
derivative times are fine-tuned through trial and error to bal-
ance dynamic response speed and overshoot suppression.

The PID parameters in Fig. 13 were optimized through
Ziegler—Nichols tuning and fuzzy adaptation, governed by
motor constants, control laws, hierarchical refinements, and
results.

Motor constants were as follows: K.=2.75 NmA~!,

=959, T,=13ms, Kn=152V(rads)~!, and
T;m=0.69s.

Control laws were as follows: K, -sign(e), Kj - f sign(e)ds,
and K¢ - d[sign(e)]dz.

Hierarchical refinements were as follows:

1. baseline from Ziegler—Nichols critical gain,
2. dynamic compensation via Ty, /Ky = 0.454 s>rad ™!,
3. 49-rule fuzzy matrices (7 x 7error/error — rate).

Results were as follows: a settling time of 0.83 s (1.27y,)
under a K./ R,=0.29VA~! constraint, validated through
co-simulation with nonlinear dynamics.

https://doi.org/10.5194/ms-16-325-2025
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Figure 13. PID control scheme diagram.

In this system, the dynamic equations of the motor can be
expressed as

. diy
u=FE+iyr,+L—,

m (34)

where E represents the induced electromotive force during
the dynamic process, u represents the voltage during the dy-

Mech. Sci., 16, 325-342, 2025
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namic process, i, represents the current during the dynamic
process, and r, represent armature resistance.

E = Cen, (35)

where C. is the torque constant and »n is the rotor speed

(rpm).
The electromagnetic torque can be expressed as

Te = Cmia» (36)

where Cy, represents the electric potential speed ratio at rated
excitation.

GD? dn

=———, 37
375 dt 37)

T.— T,

where GD? represents the flywheel torque of the motor
(Nm~!) and Ti_ represents the load torque.

By applying the Laplace transform to the time-domain
equations, we can derive the frequency-domain representa-
tion of the motor system and, ultimately, obtain its transfer
function, which can be expressed as follows:

Cn/ra ra/CeCn l

G(s) = . .
Tis+1 Tpas+1 s
0.66
= , (38)
5(0.69s 4+ 1)(0.0013s+ 1)

where 77 represents the armature circuit electromagnetic
time constant and Ty, represents the power drag elec-
tromechanical time constant. Other values in the above ex-
pression are as follows: Cp, =2.75(N -M/A), r,=9.5%,
T1=13x103s, Ce=1.52V (rads~")~!, and T}, = 0.69s.

The Ziegler—Nichols method was applied to rectify the ini-
tial parameters of the fuzzy controller. T, =0.69's, and the
fact that the stabilizing platform itself is heavy indicates that
the system has high inertia and responds slowly. Wave distur-
bances require the platform to respond within milliseconds.

A higher K value can dramatically increase the sensitiv-
ity of the system to errors and shorten the adjustment time.
Ty =1.3 x 10735 indicates a rapid current response. The er-
ror accumulation may cause the integral term to go out of
control when the shipboard platform is activated or signif-
icantly perturbed. A lower K; value limits the integration
speed and avoids oscillations. High-frequency noises, such as
wave impacts and mechanical vibrations, need to be passed
through the high Ky fast suppression. The differential action
is sensitive to the rate of change in the error and can correct
the system behavior in advance.

Based on the Ziegler—Nichols method of calculation
and then adjusted for the work requirements of the sta-
bilized flat (the final choice of K,o=20000, Kjy= 100,
and K49 =260), the corresponding fuzzy subsets are cho-
sen as [NB,NM, NS, Z, PS, PM, PB]. The comparative test
in Fig. 19 also verifies the validity of the initial parameter
selection.

Based on the joint simulation and system design, the ship-
board stabilization platform was first optimized, and the
fuzzy PID controller was then designed and simulated to
complete the correction of the shipboard stabilization plat-
form control system. Finally, the research results were visu-
alized using Qt Creator front-end software.

The disadvantage of PID control is obvious, the controller
parameters are difficult to select (Fan and Teng, 2024). The
parameters have a great impact on the performance of the
controller, and errors in the parameters may directly lead
to system instability and control failure. When encountering
nonlinear and strongly coupled systems, the model cannot
be recognized, and the parameters cannot be self-regulated
or adjusted in real time. Fuzzy adaptive control does not re-
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of the system error change rate ec.

quire precise design of the control object and has significant
advantages over traditional PID control (Deng et al., 2022).
Therefore, the fuzzy adaptive control dynamically adjusts the
parameters of the PID controller (Chang et al., 2024) accord-
ing to the created fuzzy rules in order to make the system
more stable and, finally, compares the control effects of the
two control methods according to the simulation results.

As shown in Fig. 14, in the control strategy of the control
system, the platform angle deviation detected by the sensor
is recorded as the system error e. The system error e and its
change rate ec are used as the inputs of the fuzzy control sys-
tem and are processed to obtain the quantization factors K.
and K, respectively. K and K are fuzzified utilizing the
subordinate function library, and fuzzy reasoning is then car-
ried out to obtain the fuzzy outputs according to the control
rule library. This is followed by the clarification process, via
which we finally obtain the proportional factors AKp, AKj,
and AKgq, through the proportional factors to the PID con-
trol parameters for real-time dynamic adjustment. Finally,
according to the fuzzy PID controller output value, the de-
coupling operation is used to solve the length of each rod, to
realize the stabilization and compensation effect on the plat-
form.

The input variables of the systematic error and its rate of
change are determined under the quantization factor. Based
on the influence of PID parameters on the system control, the
fuzzy rules of AK,,, AKj, and AKj are respectively designed
by combining the trial-and-error method and the design ex-
perience of PID controllers, as shown in Tables 3-5.

With respect to the effect of K. on the system perfor-
mance, the larger the K., the more the de(#)/dt interval
shrinks and enhances the control effect. Therefore, with a
larger selection, the overshoot of the system decreases and
the response speed decreases. K. has a significant effect on
the suppression of system overshoot.

The magnitude of K. greatly affects the dynamic char-
acteristics of the system. The control interval of the fuzzy
controller is the interval of variation in the system error e(t)
when K. = 1. For K. < 1, the interval of error e(f) expands,
leading to a decrease in the sensitivity of the fuzzy controller
to the input and, thus, weakening the control of the offset.
For K. > 1, the interval of error e(¢) contracts, leading to an
increase in the sensitivity of the fuzzy controller to the input
and, thus, enhancing the control interval of the offset. The
rising rate and overshoot of the system increase for larger
K. choices, increasing the transition time.
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Figure 18. Fuzzy rule editing interface of MATLAB.

When the output controller output is the same, if K, is The output variables K, Kj, and Kq of the fuzzy controller
selected to be small, it will lead to a longer dynamic response are solved by fuzzy inference and inverse fuzzification of the
time of the system. Furthermore, the larger the Ky, the better input variables ¢ and ec. The fuzzy output value is taken as
the controller control effect; the system rings quickly and is the output variable, K, Kj, or K4, corresponding to the fuzzy
easy to overshoot. However, if K, is selected to be too large, value in its theoretical domain, and its scale factor is deter-
the system produces an oscillation. mined and multiplied with the output of the fuzzy controller

to obtain the increment of the PID parameters K, Kj, and

Mech. Sci., 16, 325-342, 2025 https://doi.org/10.5194/ms-16-325-2025
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Kg. The control variables of the system are updated to pro- ing adjustment algorithm is as follows:
duce a suppression effect on the system, and the correspond-

Kp = Kpo+ AK,

Ki = Kijo+ AK;

Kq= Kq + AKqy,

337

(39)
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Figure 22. Sine tracking and error analysis of fuzzy PID and PID: (a) sine response comparison; (b) sine tracking error comparison.

where Kpo, Kio, and Kgo are the initial values of K, Kj, and
Kq , respectively.

4.2.1 Simulation of fuzzy adaptive PID control system
The model diagram of the fuzzy adaptive PID control system

is shown in Fig. 15.
On the base of fuzzy set theory, the input and output data

should be transformed into proper variables with details as

follows:
Input variables.

— system error ¢, domain of [—1, 1], and scaling factor
K. =100;

— system error rate ec, domain of [—6, 6] ° s~! and scal-
ing factor K. = 100.

Output Variables.

Mech. Sci., 16, 325-342, 2025

- proportional ~ gain  increment AK,,  domain

[—3000, 3000], and scaling factor K1 = 0.1;

— integral time increment Kj, domain [—30, 30], and scal-

ing factor K» =0.1;

— derivative time increment A K4, domain [—20, 20], and
scaling factor K3 =0.1.

This design enhances the sensitivity to dynamic distur-
bances through an expanded scaling factor while suppress-
ing overshoot, thereby ensuring controller robustness under
time-varying sea conditions. The input and output member-
ship functions are shown in Figs. 16 and 17.

Once the affiliation functions of the two inputs and three
outputs in the system are set, the control rules of the func-
tion will be edited as outlined in the following. The 49 rules

are obtained through the fuzzy control table in the previous
section. Figure 18 shows the fuzzy rule editing interface, and

https://doi.org/10.5194/ms-16-325-2025



' Fuzzy control simulation page

File(F) Edit(E) debug(D) Tools(T) View(V) Help(H)

ot .
Membeshp funtion pics

Fuzzy PID simulation interface

Nenteip facon o

» w s 2 3 m 3

putvaate’s”

pgans

(L w
- Nesbestiptadon s
.
z " " s 2 3 m "
.
(mamdani) Zm

Menbesship undion s

Fuzzy rule

e

Polt Export
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Fig. 19 shows the interface for defining the inputs and out-
puts.

From the fuzzy rules above, the surface relations of Kp,
Kj, and Ky under fuzzy rules can be obtained in the setting
of the fuzzy controller, as shown in Fig. 20.

The control block diagram was established using
Simulink, and the membership functions and rule base were
input into the fuzzy controller. Figure 21 illustrates the step
response and tracking error comparison between the fuzzy
control system and the conventional PID control system, fur-
ther revealing performance differences under varying signals.

Under a step input, the traditional PID exhibits a settling
time of 7s. Due to fixed parameter limitations, although
the steady-state error approaches zero, significant overshoot
(approximately 15 %) occurs during regulation (Fig. 21a),
resulting in larger tracking errors in the transient phase
(Fig. 21b). In contrast, the fuzzy adaptive PID dynamically
adjusts parameters, reducing the settling time by 50 % and
driving the tracking error close to zero without overshoot
(Fig. 21b). This demonstrates the fuzzy PID’s superior error
suppression capability during dynamic phases, rapid stabi-
lization, and enhanced control precision for step signals.

As shown in Fig. 22, the dashed line represents a sine sig-
nal with an amplitude of 1 and a frequency of 2 Hz, while the

solid line denotes the actual output. The traditional PID, con-
strained by fixed parameters and limited bandwidth, accumu-
lates high-frequency errors, leading to phase lag and steady-
state error peaks in the tracking curve. The fuzzy PID, how-
ever, employs online parameter optimization to compensate
for phase and amplitude deviations in real time. Its mem-
bership function design effectively suppresses periodic dis-
turbances, resulting in near-perfect alignment between the
tracking curve and the target signal. The steady-state error
peak is controlled within 0.03°, with no amplitude attenu-
ation, demonstrating robust performance and high real-time
adaptability even under time-varying signals.

The fuzzy adaptive PID outperforms traditional PID in
both step and sinusoidal signal scenarios, particularly under
complex operating conditions (e.g., time-varying loads and
nonlinear systems). While traditional PID relies on empirical
parameter tuning, the fuzzy PID reduces manual intervention
costs through its adaptive mechanism. Comparative analysis
of tracking and error characteristics for step and sinusoidal
signals confirms that the fuzzy adaptive PID significantly sur-
passes conventional PID with respect to settling time, over-
shoot suppression, steady-state accuracy, and phase compen-
sation. Its multi-objective optimization capability provides
an advanced solution for high-precision control systems.
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Input interface for the fuzzy control rules based on Qt Creator.

This interface is built mainly for the fuzzy control module;
therefore, one can freely edit e and ec input and K, Kj, and
Kg output in the interface. The main interface is shown in
Fig. 23.

The user can click on the “Fuzzy rule” button to freely
set the rules of fuzzy control. This rule interface greatly en-
hances input efficiency. The user can then click on the “OK”
button to save the fuzzy control rules, as shown in Fig. 24.

According to the designed fuzzy control rules, the user can
click on the “Plot” button, and the program will output the
response curve of the set rules. The reference of the program
itself comes with a PID control response curve.

A novel 6-DOF shipboard stabilization platform integrated
with a fuzzy adaptive PID control was proposed to address
the challenges involved with precision equipment operation
in dynamic marine environments. The main contributions of
this work are summarized as follows:

To address the issues of limited workspace and low
modeling accuracy in traditional ship stabilization plat-
forms, a three-axis 6-DOF parallel mechanism was de-
veloped, which expands workspace and enables com-
pensation for combined ship motions (roll, pitch, and
yaw) through optimized hinge distribution with a
workspace verified via Monte Carlo simulations. In ad-
dition, a dynamic modeling method for a non-inertial
system based on the virtual-work principle is proposed,
which solves the coupling error between the hull motion
and the platform attitude.

The proposed fuzzy adaptive PID controller achieved a
50 % reduction in settling time (7.0 to 3.5 s) and elimi-
nated overshoot completely, with steady-state error con-
strained below 0.03° under 2 Hz sinusoidal excitation.
The fuzzy system provided a scalable framework for
marine control applications. The fuzzy adaptive PID
controller demonstrates significant superiority over the
conventional PID in terms of settling time reduction,
overshoot suppression, steady-state accuracy, and phase
compensation. Finally, a ship stabilization platform con-
trol user interface was designed based on Qt Creator and



enabled real-time motion trajectory visualization and
interactive fuzzy rule configuration.
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