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ABSTRACT

To address the problems of complex structure,
high cost, and weak stability of the traditional
shipboard stabilization platform, this work proposes a
series-parallel shipboard stabilization platform, which
consists of a series mechanism and a parallel
mechanism composite and has the advantages of
simple structure, good stability and high control
accuracy. In this work, the platform's robustness was
analyzed, and experiments on the control accuracy and
dynamic characteristics were performed based on four
operating states of the ship. The results show that the
platform can effectively inhibit ship sway, has good
dynamic characteristics and control accuracy, and can
satisfy the application requirements of a miniaturized,
low-cost, and highly dynamic shipboard stabilization
platform.

INTRODUCTION

During a ship's voyage, due to the influence of
sea surface wind and waves, there will be swaying and
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undulating motion, which seriously affects the
information collection of shipborne equipment, such
as the launch of shipborne laser weapons and container
transportation of offshore cranes (Saghafi et al., 2021).
The stabilization platform isolates the effects of multi-
dimensional coupled perturbations on carrier stability
through a set of online signal detection and real-time
motion compensation mechanisms to control the
stability of carriers attached to the ship. Marine
operations require high safety and stability of the ship,
and the stabilized platform, as key equipment, can
effectively isolate the disturbance caused by the
movement of the ship in complex marine
environments and ensure the stable operation of the
platform equipment.

In the complex marine environment, the role of
shipboard stabilized platforms is mainly to
compensate for the movement of their loads, and
changes in heading and rocking of the ship will perturb
the platform system (Hu et al., 2020; Hu et al., 2018;
Luo et al., 2010; Yang et al., 2020) and the practice of
a three-degree-of-freedom ship model with dynamic
instability and perturbation (Zhang et al., 2022; Zhang
et al.,, 2022; Zhang et al., 2019). In this case, the
shipborne stable platform can automatically calibrate
its pose through connecting shafts (Lin et al., 2023),
reduce the influence of nonlinear vibrations on the axis
(Wang et al., 2021), ensure the stability of the platform
relative to the inertial coordinate system, and enable
the carrier to accurately track the target during
maritime motion. Many factors affect the stability of a
ship, including whether cargo loading and unloading
are appropriate, whether the main scale design of the
ship is reasonable, waves on the deck, free liquid level,
and other influencing factors; hence, the development
of wave compensation technology is very important
(Rong et al., 2019).

Currently, the international development of
stabilization platforms mainly focuses on improving
the accuracy, integration, signal processing and
system control algorithms (Zhao et al., 2021).
Extensive research has been conducted on stable
platform control problems with uncertain model
parameters and external disturbances. In the field of
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serial stable platform control, Qu et al. (2020)
proposed an improved nonlinear active control
strategy, Zhang et al. (2019) designed an adaptive
hyper twisted sliding mode control scheme based on
an extended state observer, and Wang et al. (2020)
proposed a three-axis stable platform scheme using
adaptive non-singular fast terminal sliding mode
control. However, due to structural limitations, the
load-bearing capacity of the series platform is limited,
which makes it difficult to effectively compensate in
the heave direction. This problem can be effectively
solved in parallel platforms. Qiang et al. (2020)
proposed a predictive control stability strategy for a
parallel Stewart structure shipborne platform based on
the ship motion prediction. Yuan et al. (2024) designed
an electro-hydraulic driven 3-UPS/S parallel stable
platform based on multi-axis coupled motion. The
electro-hydraulic drive technology significantly
improves the load-bearing capacity, stiffness, and
control accuracy of the platform. Liu et al. (2022) also
designed an adaptive hyper twisted sliding mode
control law based on an extended state observer to
stably control a three-axis parallel shipborne platform.
However, due to the uncertainty of wave motion,
series platforms are more stable than parallel
mechanisms in compensating for external disturbances
during nonlinear vibrations of the mechanism. Based
on its stability and robustness (Cai et al., 2021), a
three-degree-of-freedom series-parallel architecture of
the stabilization platform was proposed, and the series-
parallel platform has a high load, multi-axis coupled
motion function (Zhao et al., 2016; Liu et al., 2019; Xu
et al,, 2017). Mazare et al. (2017) verified the
rationality of the architecture based on the kinematic
analysis of ADMAS.

In this study, a new series-parallel stabilized
platform was designed with a new series-parallel joint
drive and a new multi-sensor combined MEMS
gyroscope as the position detection input. Based on the
separated PID control algorithm, the stabilized output
of the joint motor control was realized, the dynamic
accuracy of the stabilized platform was verified by the
software, and the dynamic accuracy of the stabilized
platform was verified by the software and further
analyzed via experimental data collection.

STABILIZED PLATFORM SYSTEM

During sailing, a ship is subject to four main
types of motion: roll, pitch, yaw , and heave (Perez et
al., 2019). As shown in Fig. 1, they include rotary
motion around the X-axis (roll), rotary motion around
the Y-axis (pitch), rotary motion around the Z-axis
(yaw), and up and down motion along the Z-axis
(heave). These four synthetic inertial forces are the
main external forces, and the existence of external
forces inevitably affects the movement of the cargo.
The stabilization platform designed in this work
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mainly aims at the inertial forces in the four directions
of the movement of the vessel for compensation to
ensure the smoothness of the cargo.

AZ

Fig. 1. Schematic diagram of the ship movement

Components of the Stabilization Platform

The composition of the shipboard stabilization
platform system includes four major modules, as
shown in Fig. 2. The control system is the core, the
platform structure is the foundation, the drive power
system is the key, and the scheme design of each
module determines the overall performance of the
entire system.

Power
Module

Control
System

Drive Back

iving F S —
Driving Force ——» Drivel Platforms

Fig. 2. Stabilized platform system components

At sea, under the influence of wind and waves,
a ship will produce roll and pitch and other motions of
a certain amplitude, which will cause serious
interference with information acquisition and object
data tracking and affect the normal function of the
carrier. It is necessary to mitigate the impact of such
interference using a stabilization platform. The
stabilizing platform uses the reverse motion of the
motor to eliminate the rocking motion of the ship to
achieve a stable attitude of the ship carrier. This
process involves the online attitude acquisition real-
time control compensation and other high-precision
control requirements. For different applications, the
performance standard is different: the series-parallel
stabilizing platform designed in this work is mainly
applied to the small platform system of the ship, and
the carrier carried is also smaller. In addition, the
precision requirements are greater, and the four types
of fluctuations affect the ship's non-stability put
forward the parameter accuracy design requirements,
as shown in Table 1.
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The dynamic accuracy of the stabilized platform
mainly considers the final accuracy required by the
control error, transmission error, installation error, and
sensor error. The pendulum direction error is
compensated by the lifting and sinking mechanism,
and its overall error is controlled at £2 mm. The
stabilized platform is special equipment, and the
working environment is mostly outside the ship, which
is in harsh conditions. Hence, many dynamic
characteristics and requirements for the actuators and
controllers of the platform are proposed.

Table 1. Parameter accuracy design requirements

Parameters  Pendulum  Cyclicality Speed  Accurate
Roll +16° 4s 60 rpm +1°
Pitch +16° 4s 60 rpm +1°
Yaw 73 mm 2s 120rpm  +2 mm

Heave +90 ° 6s 10 rpm +1°

Due to the uncertainty of the real-time steady
state of the stabilized platform and high load
requirements, at this stage, to improve the excellent
characteristics of the platform, the series-parallel
hybrid stabilized platform mechanism can be used.
The use of a series-parallel hybrid can effectively
improve the design conditions of the engine, so that
the engine is in the optimal operating state, and the
parallel mechanism of the series-parallel shipboard
stabilized platform can be constructed using the self-
imposed perturbation control technology. The
expansion of the state observer and parallel
mechanism of the tandem-parallel shipboard
stabilization platform can use the self-anti-turbulence
control technique to construct an expansion state
observer, which estimates the total perturbation in real
time. The total perturbation consists of the dynamic
uncertainty of the shipboard stabilization platform, the
unknown time-varying external perturbation, and the
coupling among various degree-of-freedom motion
state variables of the platform to realize the
stabilization control of the platform.

Design of Series-Parallel Stabilized Platforms

Considering the platform's performance
requirements, such as light load, compact size, and
rapid response, employing only parallel connections
would undoubtedly lower the dimensionality of the
motion space and compromise flexibility, potentially
failing to satisfy the platform's specifications. After
comprehensive consideration, the platform uses a
series—parallel hybrid connection form with its overall
structural diagram in Figure 3. The series-parallel
mechanism was first proposed by Waldron et al.
(1989), which combines the advantages of series and
parallel mechanisms and consists of a 3-degree-of-
freedom series module and a 7-degree-of-freedom
parallel module (Tang et al., 2019). This three-degree-
of-freedom stabilized platform can compensate for

more than 98% of wave-induced ship movement (Ya
etal., 2023; Liu et al., 2023). The PID method enables
a series-parallel stabilized platform to compensate for
the roll and pitch angles of the unmanned vessel and
the pendulum motion of the vessel by controlling the
coordinated rotation of the three struts (Niu et al.,
2022).

Figure 4 shows a schematic diagram of the
parallel mechanism on the upper half of the stable
platform. The components are connected by motion
pairs. Assuming that the constraint force caused by the
i-th motion pair is u;, the number of motion pairs is g,
the total number of components is 7, and the total
degree of freedom M is

M = 6(n—1)—Su, (1)
i=1

As illustrated in Figure 4, the schematic diagram
of the parallel mechanism on the upper half of the
stable platform shows 6 rotating pairs and 3 spherical
pairs. Each rotating pair has 1 degree of freedom,
whereas each spherical pair has 3 degrees of freedom.
With a total of n=8 components, the system has a
calculated degree of freedom of 3.

/lf\(smbm Platform

Fig. 3. Stabilization platform structure sketch
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Fig. 4. Sketch of series—parallel connections

The mechanism design, as shown in Fig. 4,
consists of a stabilizing platform surface (upper
platform), a lower platform surface, and three RRS
chains of the same structure. The stabilizing platform
surface 414243 is connected to the rods through the
spherical vice (), the lower platform surface B/B2B3
is connected to the rods through the rotating vice (R),
the two rods are connected by the same rotating vice
(R), and the base surface B/B2B3 has a stepping motor
at its center point O, which is connected to the base
surface through the rotating vice (R). The base surface
BI1B2B3 is connected to the base surface at its center
point O. Stepping motors are provided at points B/, B2,
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and B3 to control the swinging motion of the support
chain, and a rotary motor is connected in series at point
O to realize the overall rotary motion. The lower shaft
L1 and the upper shaft L2 are 150 mm long, and the
equilateral triangle b of the stabilized platform surface
is 260 mm long. L/ and L2 are 150 mm, and length b
of the equilateral triangle on the stabilized platform is
260 mm. C and p represent the lower end of the shaft,
the upper end of the shaft, and the horizontal position
of the angle from the axis to the angle. The minimum
value of C and the minimum value of f are 135° and
125°, respectively, and the maximum values of C and
B and the maximum values of § are 55° and 145°,
respectively. The dj and d; represent the highest and
lowest values of the pendulum motion range, which
are calculated by Eq. (1) and Eq. (2), respectively:

dy =L, -sin(@p, )+ L, -sin(180— S,..) 2)
d, =L, -sin(a,;,)+L, -sin(180—S_..) 3)
where the roll and pitch angles 0 are calculated using
Equation (4):
6 = arcsin (Mj 4
b-sinz /3

Table 2. Parameter design of the stabilizing platform

Upper  Upper  Upper | Lower Lower  Lower
shaftl shaft2  shaft3 shaftl shaft2 shaftl

Shaft 1, =150 L, =150
length(mm)
Shaft angle (°) a(35~55) ﬂ(125 ~145)
Swing range (mm) d:(d[ “dh):(]72“245)

Swing angle (°) O ==+x16

The specific parameters of the stabilizing
platform mechanism design are shown in Table 2. The
limit range to compensate for the horizontal and
vertical rocking angles is 16°, and the limit range for
the pendulum motion is 73 mm. In addition, a single
rotary stepping motor is set up in the base chassis, and
the rotation of the platform is independently controlled
by this motor to maximize the rotation angle.

The series parallel stable platform of the system
is composed of articulated linkage actuators. As
illustrated in Fig. 5, the platform body comprises a
stable platform surface, a chassis, and three sets of
articulated rods. The articulated rods are connected to
the stable platform surface through universal joints
and form an equilateral triangular structure. The
platform is used to install stable equipment and detect
tilt angles through attitude measurement devices. The
stabilizing mechanism includes universal joint, upper
shaft end, lower shaft end, and rotating vise driven by
an electric motor to ensure that the platform remains
stable during the ship's roll and pitch. The control
system drives the motor to adjust the posture based on
the information from the posture sensor.

The platform surface has positioning holes that
can be used to install fixtures to fix the load. The
MEMS gyroscope is used to sense the tilt and attitude
deviation of the platform and ensure stability through

J. CSME Vol.46, No.2 (2025)

real-time adjustment. The platform base is a three-
chain parallel mechanism, with motors distributed in
an equilateral triangle to drive the rotation of parallel
branch chains, thereby maintaining the stability of the
platform. The lower platform is equipped with a
reducer and a rotating motor, which are fixedly
connected to the hull to maintain the consistency of
platform movement.

Stable Platform surface

Upper shaft end

Universal joint Lower shaft end
Stepper motor

Base chassis Rotating vise

Rotary motor
Fig. 5. Structural schematic

Control Design

The inertial measurement unit transmits the
detected values to the control center, which performs
the attitude calculation and data transmission. Then,
the control center calculates the error value between
attitude sensor and coordinate system and sends the
error value to the PID control submodule. The PID
control submodule processes the error value and
outputs a pulse width modulation PWM control signal
from the control motherboard, which is transmitted to
the motor drive unit through the external output circuit
of the motor. Finally, the stepper motor is driven to
rotate a predetermined angle to adjust the platform
posture.

A finite element analysis was conducted on key
components, including the upper shaft, lower shaft,
motor support seat, and cross universal joint,
employing the overall force distribution method with
a set load force of 1000N. The maximum deformation
of the upper shaft cross universal joint and lower shaft
motor seat was 0.0288 mm, 0.0200 mm, 0.0417 mm,
and 0.0460 mm, respectively. The maximum stress
measured on the motor base was 21.06 MPa, while the
yield stress of the Al plate used was 90 MPa. These
results indicate that the component can satisfy
practical requirements within its safety factor of 4.27.

To improve the performance of PID control and
make the motor run more smoothly, the PID was
improved and perfected. Improved PID control is
based on the PID algorithm and adopts the integral
separation algorithm.

While | e(k)l > &, use PD control below:
u(kT) = K pe(kT)+ K p[e(kT)—e(kT -T)] (5)
While | e(k)l < &, use PID control below:

-166-



T. Zeng et al.: Optimization of Dynamic Characterization for Series-Parallel Shipboard Stabilized Platforms.

k
u(kT)=Kpe(kT)+ KzK; 2 e(jT)+
= (6)
Kple(kT)—e(kT —T)]
The control upper computer interface is shown
in Figure 6.

Fig. 6. Physical diagram of the stabilizing platform

STABILITY AND ROBUSTNESS

Stability analysis and robustness analysis of
ships are important parts of ship design and operation
to ensure the safe operation of ships under various
conditions. Stability analysis focuses on the behavior
of a ship in the absence of external perturbations,
whereas robustness analysis focuses on the
performance of a ship in the face of external
perturbations.

Stabilize Platform Stability

Ship stability refers to the case that when a ship
under the action of an external moment deviates from
its initial equilibrium position and tilts, the ship can
resist the external force and restore the original
equilibrium state when the external moment is
eliminated. The ship stability is important for ensuring
ship safety. Here, the experimental level is simulated
by adding the corresponding load, and the upper
computer collects the angle data of the movement
process through the MEMS gyro.

Fig. 7. Experimental acquisition diagram

To test the dynamic accuracy of the platform,
after the system had been powered on, the program
was downloaded, and the initial state was set to 0°. The
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platform acted in concert with the three chains, and
chain A was set to the X-axis to move to a horizontal
swing angle of 15°. The host computer collected the
angle data of the movement process through the
MEMS-stabilized gyro, and the actual data collection
used video recording. When measuring the roll angle,
the inclination data of the stabilized platform under
dynamic conditions are collected by the goniometer;
when performing the vertical swing height
measurement, the laser pointer-assisted method is used
to read the height data on the scale. The current
goniometer reading was collected every 0.1 s, and the
curve was plotted. Figure 7 shows the experimental
acquisition diagram.

Figure 8 illustrates the relationship between the
roll angle and the gyroscope compensation output
angle. During the rotation of the platform device, the
difference between collected roll angle data and gyro
output angle is large in the starting state. With time, the
device self-adjusts, and the roll angle data coincide
with the data measured by the upper computer. The
main reason for the large difference is that the platform
angle is adjusted by the short PWM pulse received by
the motor, the torque on the motor in the starting state
is large, and there is a mutual interference among the
three chains. This interference stabilizes the platform
action, so that the motor suddenly accelerates to the
highest speed and subsequently quickly reduces to zero,
which generates a large impact in the process, causes
impact and vibration on the motor, coupling, shaft
connection, etc., and leads to an inertial unit and
measurement of zero. Vibration results in inertia unit
and goniometer readings and produces small changes,
which indicates that the phenomenon of the curve in
the figure partially does not overlap. Later, the curves
coincide because the device has the functions of self-
regulation and self-compensation. In Fig. 8, the two
curves of the inclination angle of roll and the output
angle of gyroscope compensation coincide, which can
verify that the stabilized platform has good
compensation for roll to maintain balance, and the
platform has stability.

Stability test data

‘ -------- Tilt Angle === Compensation Angle
17.5
l“::G
C12.5 g
[}
© WO
c e‘"‘
< 75
--‘9“
s

6 0.1 02 03 04 05 06 07 08 09 1
Time/s

Fig. 8. Stability test data

Stabilizing Platform Robustness



Robustness analysis of a ship refers to the
robustness of a ship's stability analysis method to
ensure the reliability of the analysis results. To be
precise, robustness analysis aims at the ability of the
ship's stabilization platform to remain relatively robust
under conditions of external disturbances.

When the carrier on the ship is disturbed by
different factors such as wind, waves, and collisions,
there will be a sudden rise or fall in different directions.
At this time, the stabilized platform can use the reverse
movement of the motor to compensate for the carrier's
movement and maintain its movement stability. An
example of the pendulum motion is as follows: when
the carrier is disturbed by external wind, waves and
other unstable factors, there is a sudden rise in
direction of gravity, as shown in Figure 9(a); at this
time, the stabilized platform on the surface of the
carrier also tends to move upwards. The stabilized
platform drives the lower-end axis to move clockwise
or the upper-end axis to move counterclockwise
through the motor, which makes the platform descend,
as shown in Fig. 9(b), to compensate for the pendulum
movement in the direction of gravity and to keep the
carriers installed on the stabilized platform in a stable
attitude.

~
G S
1 1 1 !

(a) Before SPC (b) After SPC
Fig. 9. Stabilized platform compensation (SPC)

Since the previous stability platform dynamic
accuracy analysis is different, the robustness analysis
here aims to add an ocean wave simulation experiment.
This study shows that the ocean wave curve is a multi-
level sinusoidal function. To make the disturbance
input function closer to the wave curve and reflect the
effect of the experiment, the rotational perturbation
function was set as a sinusoidal function sinf to obtain
the roll fluctuation a = (sint)/4 and pitch fluctuation b
= (cost)/4. According to the kinematics analysis model,
the altitude was solved using MATLAB, and the
solving data were imported into the ADAMS model to
perform the dynamic simulation.

The stabilized platform was installed and
commissioned for actual dynamic analysis. To obtain
more obvious comparison data, the input dynamics
were tested separately for roll and pitch compensation,
and the stabilized platform surface was set to be in a
sinusoidal fluctuation perturbation environment. The
angle information was collected by the inertial
measurement unit and compared with the actual
running function. The actual dynamic test data were
collected by the camera device, and the actual motion
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displacement of the stabilized platform was plotted.
The information collected by the inertial measurement
unit was analyzed, and the error was compared with
the change curve of the center of mass of the platform
surface to verify the error compensation performance
of the platform.

The information collected by the inertial
measurement unit was analyzed and compared with
the change curve of the center of mass of the platform
surface to verify the error compensation performance
of the platform, as shown in Figure 10.

Displace/mm

Time/s

Fig. 10. Comparison of the displacement trajectories

The red dashed line represents the curve of the
platform position change, and the black solid line
represents the data collected by the inertial
measurement unit of the upper computer. Notably, the
curve does not completely overlap with the image in
the absolute environment, and its maximum tracking
error is approximately 1.7 mm, which satisfies the
parameter requirements. Its subsequent error is mainly
due to the platform in actual operation and the gap
caused by the mechanism, including the installation
gap, transmission gap, bearing gap, and shaft hole fit
gap. The size of these gaps has a relatively large effect
on the accuracy.

Experimental Test

To test the stability accuracy of the platform, after
the system had been turned on, the program was
imported. According to the previous operational
analysis and calculation of the motor rotation angle
relationship, the instruction was input to control the
motor to rotate at a certain angle so that the platform
roll angle stabilized at 0 °, 5 °, 10 °, 15 °, and these
values were compared and analyzed with the actual
angle measured by the goniometer. To test the roll
performance of the motor, load performance test
experiments were conducted for 0.0 kg, 0.5 kg, 1 kg,
and 2 kg for data acquisition. Multiple measurements
were performed, and the average value was obtained.
The results of the rolling experiment are shown in
Table 3, and the experimental data were processed and
calculated to obtain the motion error of the roll
experiment, as shown in Fig. 11. The experimental
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performance was analyzed by comparing the set
parameters.

Experimental analysis of the roll: the rated load
of the platform was 0.5 kg; the movement positioning
error under this load was approximately 0.55°; the
movement positioning error under 1-kg load was 0.95°;
the positioning error under 2-kg load was more than
1.85°; according to the requirement of the platform
performance setting parameter, the roll error was <1°,
and the platform was invalidated under this load.

Table 3. Results of the roll experiments

Serial Experimental Experimental data (° )
number Projects 0° 5° 10° 15°
1 Roll 0 5.13 1035 1478
(unloaded)
2 Roll (0.5 kg) 0 4.85 9.72 14.45
3 Roll (1 kg) 0 4.71 9.60 14.05
4 Roll (2 kg) 0 4.26 9.12 13.15

Error data analysis for the roll experiment

18 0.0 kg === 0.5 kg = 1kg = 2 kg °

1.6
1.4

1.2

Error value (°)

6 8 10 12 14 16
Angle (°)
Fig. 11. Error data analysis for the roll experiment

Table 4. Results of the pitch experiments
Serial Experimental

Experimental data (° )

number Projects 0° 5° 10° 15°

1 Pitch 0 5.11 1020 15.28
(unloaded)

2 Pitch (0.5 kg) 0 4.83 9.61 14.38

3 Pitch (1 kg) 0 4.68 9.56 14.09

4 Pitch (2 kg) 0 4.12 9.03 13.25

For the pitch test, the pitch angle was 0°, 5°, 10°,
or 15°, and the actual angle was measured by a
goniometer for the comparison experiments. Similar to
the roll test, the unloaded state and loads of 0.5 kg, 1
kg, and 2 kg were used for data collection, and
multiple measurements were taken to obtain the
average values. Experimental results are shown in
Table 4, and the experimental data were processed and
calculated to obtain the motion error of the pitch test,
as shown in Figure 12.

Error data analysis for the pitch experiment
l 0.0kg ........ 0.5kg ........ 1kg ........ 2kg
e

18¢

Error value (°)

Angle(®)
Fig. 12. Error data analysis for the pitch experiment

Experimental analysis of the pitch: The platform
has a rated load of 0.5 kg, the movement positioning
error was approximately 0.62°, the load was 1 kg, the
movement positioning error was 0.91°, the load was 2
kg, and the error exceeded 1.75 °, which indicates the
basic failure.

Table 5. Results of the yaw experiments

Serial Experimental Experimental data (° )
number Projects 0° 30° 60 ° 90 °
1 Yaw 0 3045 60.25 89.82
(unloaded)
2 Yaw (0.5 kg) 0 30.25  59.85  90.28
3 Yaw (1 kg) 0 30.28 60.02  89.63
4 Yaw (2 kg) 0 30.25 5935  89.48

Error data analysis for the yaw experiment
‘ OO kg ........ 05 kg ........ 1 kg ........ 2 kg

0.9
0.8+
O7F e
06 - .
g 0.5 “‘...,.' ©
0.4
0.3
0.2
0.1
od
01Ff
0.2

©)

Error va

20 30 40 50 60 70 80 90
Angle (°)
Fig. 13. Error data analysis for the yaw experiment

0 10

The ship is less disturbed by the yaw direction
during sailing, so the yaw rotation motor was used as
an active compensation motor; i.e., when the
stabilizing platform rotates at a large angle, the upper
computer can give commands to adjust the stabilizing
platform to the specified state. The rotation angle
measurements were made at 0°, 30°, 60° and 90°, and
experimental data were collected for no load and
various types of analog loads. The motion errors of the
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yaw experiment are shown in Table 5, and the
experimental errors are analyzed in Figure 13.

Experimental analysis of the yaw: Since the yaw
motor carries the overall weight of the platform device,
the selected motor performed better than the
articulated stepping motor. From the experimental
data, the error range of the selected motor was <1 °©
under the simulated load of 3 kg, which satisfies the
requirements of the setup index.

Heave is a coordinated motion of three chains
with the same speed in the direction of motor rotation,
which is theoretically smaller than the error range of
the roll and pitch angles and yaw angles. The
experimental swing distances were set to 10 mm, 20
mm, 40 mm, and 60 mm, and the data were collected
under no load, 0.5 kg, 1 kg, and 2 kg, respectively. The
Heave experimental results are shown in Table 6, and
a motion error analysis of the heave experiment was
performed, as shown in Fig. 14.

Table 6. Results of the heave experiments
Serial Experimental

Experimental data (mm)

number Projects 10 20 40 60
1 Heave 10.08 20.04 40.12 57.60
(unloaded)

2 Heave (0.5kg) 989  19.86 40.03 58.70
3 Heave (1kg)  9.82 1981 39.85 58.10

4 Heave (2 kg) 9.72 16.50  36.37 54.12

Error data analysis for the heave experiment
00 kg ........ 05 kg ........ 1 kg ........ 2 kg

6 [}
5

S,

g o "6,

¢ 3

S

=2 ®

L

@
0 [P

1 : A i
0 10 20 30 40 50 60 70

Swing distance (mm)
Fig. 14. Error data analysis for the heave experiment

The rated load of the platform was set to 0.5 kg,
the error of motion positioning under this load was
approximately 0.14 mm, the error of motion
positioning under the load of 1 kg was 0.19 mm, and
the error under the load of 2 kg was more than 5.88
mm, which is ineffective at this time. Thus, there is a
limitation of the load under the simulation, and the
loading and unloading of large cargoes are important
factors to stabilize onboard platforms during their use.
Therefore, we must adjust the shipboard stabilized
platform to satisfy the dynamic characteristics of a
large weight load.
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Stable Platform Dynamic
Characteristics Optimization

After the experimental test of the stabilized
platform, the accuracy of the parameters of the load at 1
kg and below is designed in the range of requirements.
In the case of 2 kg, the roll, pitch, yaw and heave might
satisfy the requirements and dynamic characteristics of
the shipboard stabilized platform of the large-weight
load, and they must be readjusted. In actual mechanical
applications, mechanical and control factors affect the
accuracy of the platform, and the structural layout of the
mechanical transmission equipment has an important
effect on the accuracy of the transmission. A reasonable
structural layout simplifies the structure, increases the
overall strength and reduces the transmission error.

Adjustments to the Stabilization Platform

In this work, the motor shaft in the stabilization
platform is driven by the rotating lower-end shaft
through rigid coupling, which is a rigid transmission
with large damping and unstable transmission. The
rigid coupling structure is simple and does not
compensate for axial displacement or radial
displacement. Optimizing the loading damping
structure and flexible transmission mode can further
reduce the error, improve the smoothness of the
transmission process, reduce transmission noise, and
improve the transmission accuracy. Here, the original
rigid coupling is replaced with flexible coupling with
a diaphragm as the connection of the motor-driven
lower-end shaft drive, which can maintain high
synchronization with the brake while satisfying the
compensation of shaft end deviation. We select the
XD6-C26 coupling with a smaller deviation as the
connection of the motor-driven lower shaft drive.

After the rearrangement, the reducer was
connected to the lower platform surface via coupling,
as shown in Figure 15.

Underneath

Coupling

Moderator

Base plate
Fig. 15. Optimized structure of the rotating device

Data Analysis

To construct the experimental platform, we
turned on the stabilization platform and conducted
experiments to obtain the results of the insight
experiments under four modes (roll, pitch, yaw, heave)
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and a load of 2 kg. Fig. 16 compares the results before
and after optimization.

According to the ship stabilized platform
accuracy design requirements, the initial design of the
stabilized platform and optimized test results were
compared. Finally, the measurement error between
these two platforms was calculated, as shown in Fig.
16. The error of the stabilized platform decreased after
optimization, the errors of rolling, pitching and yawing
were less than 1°, the error of heaving was less than 2
mm, and the measurement accuracy satisfy the
requirements.

Based on the above analysis, the proposed
series-parallel stabilized platform for ships can solve
the disturbance problem when sailing, and the
optimized platform can satisfy the requirements even
under large loads in terms of anti-interference. The
series-parallel stabilized platform is simpler in
structure, more targeted, and has a wider application
range than the traditional six-degree-of-freedom
platform.

2
18+ Before After| 1 g ______ Before —
: 1.6
T 14 K
12 _
g 12 A
: g 12
z 081 gt : I
g 06 ¥
w04 o
A 024
0 !
0.2 -02
T o T 0 2 4 6 8 10 12 14 16
Angle (°) Angle (°)
1 (@) s
...... 7
09+ Before Atter, T Before yrem
0.8 :
SO0TF e, R
o e g :
> 05 TA e
T 04 i
503 ;
£ 02 1
w01 :
:
0 s
0.1 0
0.2 :

0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70
Angle (°) Swing distance (mm)

(c) (d)
Fig. 16. Comparison plots before and after optimization;
(a) roll; (b) pitch; (c) yaw; (d) heave

CONCLUSIONS

In this study, a novel series parallel stable
platform system was proposed, which achieved
precise compensation for ship's roll, pitch, yaw, and
heave. The reliability and stability of this system were
verified through simulation and experimental
verification, and the structure is simple and feasible.
The highlights of this work are as follows:

(1) The platform adopts three sets of branch
parallel mechanisms and series rotating mechanisms
and the integral separation PID algorithm to achieve
stable output of the system.

(2) Reliability analysis and experimental
verification have confirmed that the system can
compensate for pose errors caused by the roll, yaw,
pitch, and heave.

(3) Although the roll yaw angle error of the
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system design is 1 degree and the heave distance is 2
mm, the error accuracy can be improved by optimizing
the damping coefficient and stiffness coefficient.

(4) This series parallel stable platform system
has the advantages of simple structure and good
universality and can be used for military operations
and industrial applications on ships.

In summary, the proposed series parallel stable
platform system in this article is simple and feasible
and can improve the accuracy of ship pose
compensation for stable platforms under external
disturbances of wave uncertainty.
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