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Abstract: Aiming to solve the problem that existing small rescue boats cannot realize the effective
and stable rescue of human lives under high sea turbulence conditions, this paper proposes a
parallel decoupled hydraulic interconnected suspension system for actual sea state. The system
dynamics model is established, and its damping characteristics are analyzed by joint simulation. The
results show that compared with the truss-type rescue ship, the suspension system can improve the
transverse rocking resistance by 81.5% and the longitudinal rocking resistance by 25.0%, and the
system has excellent transverse rocking resistance.

Keywords: small rescue vessels; hydraulic interconnected suspension; dynamic simulation; damping
performance

1. Introduction

Due to its rapid maneuverability, the small-sized catamaran rescue vessel has become
an effective tool for saving lives at sea. However, existing small rescue boats still fail to
meet the operational requirements in high sea turbulence conditions. Under severe sea
conditions, waves can cause multi-degree-of-freedom impact and vibration to the hull,
making it difficult for lifesavers to approach and provide effective and stable rescue to
those in the water. Equipping rescue boats with vibration reduction suspension is an
effective means to address this issue. Hydraulic interconnected suspension technology has
significant advantages in improving ride comfort, handling stability, and multi-condition
adaptability. By connecting various parts of the system through hydraulic oil, the inter-
connected suspension forms an integrated unit, which can reduce the vertical and rolling
direction transmission amplitude ratio transmitted from the front and rear suspensions
to the body, thus enhancing comfort. At the same time, it can provide anti-rolling and
anti-pitching torques to improve handling stability. In terms of multi-condition adaptability,
the system can achieve multi-degree-of-freedom motion compensation based on different
operating conditions.

Marine Advanced Robotics, a US company [1-4], conducted excitation tests in a
laboratory environment using a unilateral wave simulation device for a 33-foot WAM-V
(Marine Advanced Robotics, Richmond, CA, USA) prototype. The tests showed that the
suspension system had the best compensation effect in longitudinal motion compensation,
and improvements to the suspension system could enhance the vessel’s handling stability.
Servo Yachts, another US company [5], introduced the Martini series of boats in 2012. The
upper hull is hinged to two floating hulls through anti-rolling mechanisms, absorbing
rolling, pitching, and heaving motions caused by waves, making them suitable for search
and rescue operations in severe sea conditions. Nauti-Craft, an Australian company [6],
developed a real-world wave-adaptive high-speed boat using a new hydraulic intercon-
nected suspension system. The active control system adjusts the stroke of each hydraulic
cylinder in real time based on the sea waves, providing motion compensation for at least
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two degrees of freedom among rolling, pitching, heaving, and twisting motions. Professor
Daisuke Kitazawa from Tokyo University [7,8] designed and manufactured the WHzer
series prototype, conducting tests on ship vibration and energy recovery. The test results
showed that the suspension system could significantly compensate for the rolling, pitching,
and heaving motions of the ship, with the maximum motion compensation reaching 79.5%.

Improving ride comfort has always been a long-standing issue in the transportation
industry. Compared to road contours, the ocean surface is rougher and more prone to
causing severe shaking [9]. However, due to the complexity of ocean impacts, suspension
systems are rarely used in marine vessels to improve ride comfort and stability [10]. In the
automotive industry, Wilde JR [11,12] proposed a passive hydraulic interconnected suspen-
sion, which was verified through ADAMS simulation and experimental studies to improve
the roll stiffness of the vehicle during high-speed cornering. Smith [13] conducted theo-
retical analysis and experimental research on the H2 anti-roll interconnected suspension
system, revealing that the suspension system significantly increased roll stiffness without
affecting vertical stiffness but had complex response characteristics under high-frequency
vibrations. Vigliani [14] proposed a new suspension system with a transition cylinder
and spring damper. The indirect interconnection of the suspension system achieved the
interconnection of the entire vehicle suspension system. The test results showed that this
system improved the vehicle’s anti-rolling ability and stability. The impacts caused by
complex road conditions on vehicles are mutually coupled and always present. Some
scholars have introduced the idea of modal control and conducted relevant research on the
motion decoupling of suspension systems. In 2000, Zapletal [15] theoretically proposed a
“balanced suspension” that uses hydraulic lines to connect the actuators and control units,
enabling the complete decoupling of the suspension motion compensation modes. The
independent control of each motion compensation was achieved through hydraulic and
mechanical methods. In 2002, Buj [16] proposed a hydraulic interconnected suspension
decoupling solution that uses a hydraulic control unit to connect four accumulators with
the suspension circuit, determining the stiffness and damping parameters of each motion
mode to achieve decoupled motion compensation. Smith [17] and others proposed an
ideal new decoupling suspension concept combining network theory and system synthesis
ideas. This suspension achieves complete decoupling of stiffness and damping parameters
through a central control unit. Mavroudakis [18] and others also proposed a decoupling
suspension controlled by a central control unit system and conducted simulation analysis in
SIMPACK. The results showed that the decoupling suspension significantly outperformed
traditional independent suspension systems. In previous work [19], a hydraulic intercon-
nected suspension system with three-degree-of-freedom wave compensation capabilities
was proposed. This suspension system uses multi-section cylinders as transition elements
to couple multiple chambers of four hydraulic cylinders to meet the wave adaptation
needs of small rescue vessels in terms of rolling, pitching, and heaving. In recent years,
scholars from Hunan University have achieved remarkable progress in the research of
hydraulically interconnected suspension (HIS) systems. Zhang Nong [20,21] and his col-
leagues proposed a frequency domain analysis method based on the system. This method
utilized the velocity—flow relationship of the double-acting hydraulic cylinder piston rod
as the boundary condition for the mechanical-fluid coupling. The dynamic fluid state
at the end of a single branch was determined by the transfer matrix, thus establishing
a mechanical-fluid coupling model. Eventually, the complete system equations for half
of the vehicle were derived, and two universal impedance matrices for double-cylinder
interconnection were presented. This model verifies that the HIS system can achieve the
independent control of stiffness and damping to a certain extent.

Addressing the challenges of complex coupling, increased difficulty in system control,
growing number of intermediate components, and difficulties in theoretical research in
interconnected suspension systems, this paper takes the hydraulic interconnected suspen-
sion system of small rescue boats as the research object. The main contributions are as
follows: (1) a parallel decoupling interconnected suspension system suitable for actual
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sea conditions is proposed, and the vibration reduction characteristics of the suspension
system under different wave impacts are obtained; (2) through hydraulic interconnection
experiments, the displacement compensation characteristics of the suspension system
are obtained, verifying the superiority and practicability of the parallel interconnected
suspension system.

The remaining structure and content of this paper are organized as follows:
Section 2 proposes a parallel interconnected suspension system and analyzes its working
principle. Section 3 establishes a joint simulation model of the hydraulic interconnected
suspension system for small rescue boats and conducts multi-condition simulations of the
suspension system. Section 4 builds an interconnected suspension test bench, conducts the
experimental verification of the basic interconnection principle, simulates and identifies
the basic friction and dynamic friction coefficients of the interconnected suspension, and
finally conducts an experimental study on the coupling characteristics of the 1/2 parallel
interconnected suspension system.

2. Design of Hydraulic Interconnected Suspension System

This article proposes a parallel decoupled interconnection suspension system for small
rescue vessels under high-coupled impact conditions during ocean navigation, as shown in
Figure 1. It consists of an anti-pitch interconnection system and an anti-roll interconnection
system. In the face of complex wave impacts, the waves acting on the buoy are decoupled
and decomposed into combined anti-pitch and anti-roll effects that are applied to the upper
hull, thus enabling the small rescue vessel to achieve wave-adaptive vibration reduction
capabilities in actual sea conditions.

2-3 13 14 2-4

Figure 1. Schematic diagram of parallel interconnected suspension system. 1-1, -2, -3, and -4:
Hydraulic cylinders R1, R2, R3, and R4; 2-1, -2, -3, and -4: Hydraulic cylinders P1, P2, P3, and P4;
3-1~20: Damping valves; 4-1, -2, -3, and -4: Accumulator RA, Accumulator PB, Accumulator PA, and
Accumulator RB.

2.1. Operational Area Analysis and Wave Condition Adaptation for Rescue Boats

The hydraulic interconnected suspension system designed in this paper is used to
improve the shock absorption performance of small catamaran rescue boats. The specific
mission scenarios are rescue of human lives in offshore and inland waters, as well as the
auxiliary rescue work of large rescue vessels in distant areas, especially by maintaining
stability and navigation efficiency in the case of large wind and waves.

2.2. Analysis of the Working Principle of Suspension System

During the navigation and rescue operations of small rescue vessels, they are usually
subjected to the impact of beam waves with wave direction angles ranging from 75° to
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105°, head waves with wave direction angles ranging from 165° to 180°, and quartering
waves with wave direction angles of 135 &= 30°. When the suspension system is impacted
by beam waves, the anti-roll interconnection suspension system becomes active. During
this instant, the center of gravity of the upper hull experiences little fluctuation, and the left
pontoon tends to move upwards. This causes the piston rods of hydraulic cylinders 1-1
and 1-3 to retract, reducing the volume of the rodless chambers and increasing the pressure.
The oil then flows through the anti-roll circuits A and B into the rod chambers of hydraulic
cylinders 1-2 and 1-4. At the same time, the oil in the rod chambers of hydraulic cylinders
1-2 and 1-4 flows in, increasing the chamber pressure and pushing the piston rods to retract,
resulting in a tendency for the right pontoon to move upwards. Both pontoons on either
side have a tendency to move upwards simultaneously, keeping the main hull relatively
stable under wave impacts.

When the main hull undergoes a rightward roll, the rodless chambers of hydraulic
cylinders 1-2 and 1-4 are compressed, causing the piston rods to move up and increasing
the chamber pressure, allowing oil to flow out. Meanwhile, the piston rods of the left
hydraulic cylinders 1-1 and 1-3 move down, reducing the pressure in the rodless chambers
and allowing oil to flow in. This results in a pressure difference between circuits A and
B, creating an upward force and an anti-roll moment, enhancing the vessel’s anti-roll
capability. Simultaneously, the anti-pitch circuits C and D also experience oil flow due to
wave impacts, but only laterally between the two pontoons. Due to the connection of the
circuits, the oil flows back and forth with the up-and-down displacement of the hydraulic
cylinders, without any oil flowing into or out of the accumulator. Thus, the pressure in
circuits C and D remains unchanged.

Similarly, when the suspension system is impacted by head waves, the anti-pitch
interconnection suspension system becomes active. Figure 2a illustrates the working
principle of the suspension system under beam wave impacts, while Figure 2b depicts the
working principle under head wave impacts.

Up
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Figure 2. (a) Schematic diagram of the impact principle of transverse waves; (b) schematic diagram
of the impact principle of top waves.

When a small-sized catamaran rescue boat is subjected to various sea wave impacts,
the suspension system can decompose the wave impacts into beam waves and head
waves for adaptive wave damping and absorption. Concurrently, the accumulator in the
suspension system is capable of absorbing shocks within the system, while the damping
valve quickly converges the fluctuations within the system, reducing the vibration of the
main hull. This comprehensive approach enhances the ride comfort and seaworthiness of
the small rescue boat.
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3. Modeling and Simulation of Interconnected Suspension System Dynamics

This paper investigates the loop dynamic characteristics and damping performance of
the hydraulically interconnected suspension system. A hydraulic system model is built
using AMESim(2016), and a ship dynamics model is developed using ADAMS(2018).
During the simulation, the kinematics of the vessel are calculated in ADAMS(2018), while
the dynamics of the suspension system are solved in AMESim(2016) and then fed back
into ADAMS(2018). Through the combined simulation of AMESim(2016)-ADAMS(2018),
the dynamic characteristics of the interconnected suspension system are studied. The
combined simulation is primarily achieved by utilizing the “FMU” (Functional Mock-up
Unit) command, and the basic combined simulation process is illustrated in Figure 3.

Start

A
Suspension system simulation
model in AMESim

Set the parameters of hydraulic cylinder,
damping valve and accumulator

‘ Set the interface between ADAMS and AMESim ‘

v

| Import SW 3D model into ADAMS |

Y

‘ Set motion pairs and create simulation variables ‘

A
ADAMS uses the Plant Export module
(hydraulic cylinder output displacement)

[

_ | AMESim uses the FMU interface module
" | (Suspension system output displacement)

e o o . o — o — — o — e — — — — — —— ——— —

| RunAMESim |

y
’ Finish, the ship Angle and acceleration response are obtained

Figure 3. AMESim-ADAMS co-simulation flow chart.

3.1. Joint Simulation Model Modeling

In the AMESim(2016) model, the front and rear suspension mass blocks are used to
simulate the suspension response of the ship when it is impacted by head waves. Similarly,
the left and right suspension simulation models mimic the suspension response of the
ship when it encounters beam waves. In the ADAMS(2018) model, a mass-spring-damper
model is employed to roughly realize the impact effect between the ship and the sea
waves. The schematic diagram of the established ADAMS(2018)-AMESim(2016) combined
simulation model is shown in Figure 4, and the main parameters of the ADAMS model are
listed in Table 1
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Figure 4. ADAMS-AMESIm co-simulation model schematic diagram.

Table 1. ADAMS stiffness damping parameters.

Unit Value Quantity
Upper hull 820 kg 1
Buoy 340 kg 2
Hydraulic cylinder 20 kg 4
Spring damping Stiffness 25.153 N-mm ! 4
Damping 2.132 N-s-mm~! 4

The parallel interconnected suspension system consists of an anti-pitch interconnected
suspension and an anti-roll interconnected suspension. Based on the results of the parallel
interconnected suspension test, the basic parameters such as the basic friction force and
static friction coefficient of the interconnected suspension system are set. The combined sim-
ulation models of the parallel interconnected suspension system are shown in Figure 5a,b,
and the main parameters of the hydraulically interconnected suspension system are listed
in Table 2.

Figure 5. (a) Parallel interconnection co-simulation model (front suspension and rear suspension);
(b) parallel interconnection co-simulation model (left suspension and right suspension).
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Table 2. Main parameters of hydraulic interconnected suspension system.

Argument Value Units

Hydpraulic cylinder inner diameter/D 40 mm

Hydpraulic cylinder rod diameter/d 22 mm

Cylinder stroke/L —200-200 mm
Accumulator volume/ V) 0.35 L

Accumulator pre-charge pressure/Pgss 15 MPa

Throttle aperture/r 10 mm
Front/rear suspension mass/m; 410 kg
Left/right hanging mass/m; 410 kg
Static friction force/F 600 N

System dynamic friction coefficient/ V 50 N-mm-s~!

3.2. Multi-Operating Condition Simulation

In the simulation, the wave direction angle of beam waves is considered as a single-
cycle sinusoidal signal of 90°, and the wave direction angle of head waves is taken as 180°
to mimic the impact of single-peak waves. By applying sinusoidal amplitude excitations
of 100, 250, and 400 mm, respectively, the ship’s response characteristics under the impact
of beam waves, head waves, and large-amplitude heave are analyzed. The schematic
diagrams of wave impact conditions are shown in Figure 6a,b.

(a) (b)

Figure 6. (a) Schematic diagram of crest wave impact; (b) schematic diagram of transverse wave impact.

3.2.1. Top Wave Impact
1.  Different Wave Grades

Sine wave impacts with amplitudes of 100, 250, and 400 mm and a frequency of 0.8 Hz
are set to simulate the working environment of a ship under sea states 1, 2, and 3. Figure 7a
shows the pitch angle response curves under impacts with various amplitudes, while
Figures 7b and 8 present the acceleration response curves of the upper hull under impacts
with different amplitudes.

As can be seen from the figures, when subjected to a large wave excitation of 400 mm,
the hydraulic cylinder reaches its motion limit, and the hull motion also reaches its limit.
From the roll angle response, it can be observed that the roll angle response amplitudes
under impacts with different amplitudes are approximately 5°, 10°, and 15°, respectively.
As the excitation amplitude increases, the ship’s pitch motion is more significantly affected
by the excitation amplitude. Observing the upper hull acceleration, it is evident that
when the excitation amplitude increases, the instantaneous change in hull acceleration
is significant, and this phenomenon becomes increasingly severe with the increase in
excitation amplitude, with the greatest impact occurring during moderate waves. From the
acceleration frequency domain, it can be seen that as the excitation amplitude increases, the
vibration amplitude and frequency of the hull also change. Additionally, as the amplitude
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increases, the main excitation frequency shifts backward, indicating that the suspension

system is greatly influenced by head sea impacts and wave grades.
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Figure 7. (a) Pitch angle response of upper hull; (b) acceleration response of upper hull.
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Figure 8. Frequency domain response of acceleration of upper hull.

2. Different wave frequency domains

Sine wave impacts with an amplitude of 100 mm and frequencies of 0.8, 0.4, and
0.25 Hz are set to simulate small waves. Figure 9 shows the pitch angle response curves
under impacts with different amplitudes, while Figure 10a,b present the acceleration
response curves of the upper hull under impacts with various amplitudes.

Frequency: 0.8Hz
~ — ~Frequency: 0.4Hz
—-—- Frequency: 0.25Hz

Pitch Angle/deg

Time/s

Figure 9. Pitch angle response of upper hull.
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Figure 10. (a) Acceleration response of upper hull; (b) frequency domain response of acceleration of
upper hull.

From the pitch angle response, it can be observed that as the excitation frequency
increases, the amplitude of the upper hull angle gradually increases, and the hull’s pitch
motion intensifies. Conversely, when the excitation frequency decreases, the hull motion
becomes more stable. Looking at the acceleration response, as the excitation frequency
decreases, the amplitude of the hull acceleration also decreases, and the acceleration
changes slow down. In the frequency domain response of acceleration, it can be seen that
as the excitation frequency increases, the ship’s vibration intensifies, indicating that the
suspension system is sensitive to high-frequency impacts. For head sea impacts, when
the excitation frequency is lower, the parallel suspension system exhibits better vibration
reduction characteristics, and the ship’s ability to adapt to waves is stronger.

The following figures show the comparison of the acceleration response between the
upper hull and the pontoon under impacts with different frequencies in Figure 11a, as well
as the response in the frequency domain of acceleration in Figure 11b.

1 3
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AUN [
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s 2 T 04
g 2 8 o
=0 = o
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Frequency/Hz
Figure 11. (a) Acceleration response of upper hull; (b) frequency domain response of acceleration of

upper hull.

As can be seen from the figures, at excitation frequencies of 0.4 and 0.25 Hz, the accel-
eration amplitude of the upper hull is reduced compared to the pontoon. In the frequency
domain of acceleration, the vibrations of the upper hull are reduced by approximately
50% and 55.6%, respectively. As the excitation frequency decreases, the hull’s vibration
reduction capability becomes stronger.
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In summary, the parallel suspension system is significantly influenced by the wave
grade for head sea impacts. When the wave excitation amplitude is larger, the vibration
reduction effect becomes less significant. Additionally, the parallel interconnected sus-
pension system exhibits a significant vibration reduction effect for low-frequency impacts.
When facing low-frequency and high-amplitude waves, the hull’s stability and smoothness
achieve good vibration reduction effects.

3.2.2. Horizontal Wave Impact
1.  Different Wave Grades

Sine wave impacts with amplitudes of 100, 250, 400 mm and a frequency of 0.8 Hz
are set. Figure 12a shows the roll angle response curves under impacts with different
amplitudes, and Figure 12b presents the acceleration response curves of the upper hull
under impacts with various amplitudes.
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(a) (b)
Figure 12. (a) Roll angle response of upper hull; (b) acceleration response of upper hull.

From the roll angle response, it can be observed that the roll angle response amplitudes
under impacts with different amplitudes are approximately 5°, 8°, and 14°. As the excitation
amplitude increases, the ship’s roll motion becomes more intense. Looking at the upper
hull acceleration, it can be seen that during the initial stage of the roll motion, there is a
sudden change in the hull acceleration. Moreover, as the excitation amplitude increases,
the instantaneous change in the upper hull acceleration becomes more severe. Figure 13a,b
show the comparison of the acceleration response between the upper hull and the pontoon
under impacts with different amplitudes, as well as the response in the frequency domain
of acceleration.

As can be seen from the figures, the acceleration amplitude of the upper hull is smaller
than that of the pontoon. The introduction of the hydraulic interconnected suspension sys-
tem has reduced the amplitude of hull vibrations. In the frequency domain of acceleration,
vibrations are mainly concentrated below 10 Hz. With increasing excitation amplitude,
the vibration energy levels corresponding to the various amplitudes of the upper hull and
pontoon are reduced by 44.2%, 42.8%, and 42.6%, respectively. As the excitation amplitude
increases, the vibration reduction performance of the suspension system is weakened to
a lesser extent, indicating that the impact of beam sea waves on the suspension system is
relatively small.
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Figure 13. (a) Acceleration response of upper hull; (b) frequency domain response of acceleration of
upper hull.

2. Different Wave Frequency Domains

Sine wave impacts with an amplitude of 250 mm and frequencies of 0.8, 0.4, and
0.25 Hz are set. Figure 14 shows the roll angle response curves under impacts with these
amplitudes, while Figure 15a,b present the acceleration response curves of the upper hull
under impacts with the respective amplitudes.
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—-—- Frequency: 0.25Hz

Roll Angle/deg
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Figure 14. Roll angle response of upper hull.
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Figure 15. (a) Acceleration response of upper hull; (b) frequency domain response of acceleration of
upper hull.
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Based on the roll angle response, it can be observed that as the excitation frequency
decreases, the roll angle amplitude of the upper hull rapidly decreases with the fluctuations
of the hull. The lower the excitation frequency is, the more stable the hull motion becomes.
From the acceleration response, it can be seen that as the excitation frequency decreases,
the acceleration amplitude of the hull also decreases, and the magnitude of this decrease is
significant. This can be observed in the frequency domain response of the acceleration. For
beam sea impacts, the lower the excitation frequency is, the better the vibration reduction
characteristics of the parallel suspension system are, and the stronger the ship’s ability to
adapt to waves becomes.

3.2.3. Wave Impact

Using a wave tank, a full-scale wave test was conducted on a truss-type catamaran
test prototype. The test collected pontoon response data under small wave conditions,
as shown in Figure 16. For ships equipped with different vibration reduction systems,
their acceleration responses to the pontoon vary. Here, the experimental data are used as a
reference input for simulation analysis.
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Figure 16. Small wave displacement data of buoy.

Using the small wave data as input for the pontoon, a joint simulation under actual
sea conditions is performed. Figure 17 shows the roll angle and pitch angle responses of
the ship, while Figure 18a,b present the acceleration frequency domain response curves.

Upper hull Angle/deg

— Pitch Angle

- - —Roll Angle

]
4 \ L]
i\

0 5 10 15 20 25 30
Time/s

Figure 17. Upper hull angular response.

During the test, the roll angle amplitude of the ship reached 2.7°, and the pitch angle
amplitude was 6°. When using the parallel suspension system, the roll angle amplitude
was reduced to 0.5°, and the pitch angle amplitude was 4.5°. The anti-roll capability of
the suspension system improved by 81.5%, and the anti-pitch capability improved by
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25.0%. As can be seen from the figures, under wave conditions, the parallel interconnected
suspension system is sensitive to pitch motion responses, resulting in poor ride comfort
when the ship encounters head waves. Within the human-sensitive frequency range of
4-8 Hz, the vibration of the upper hull intensifies, leading to unsatisfactory ride comfort.
However, the compensation effect for roll motion is significant. The parallel interconnected
suspension system significantly reduces the roll motion amplitude, demonstrating excellent
anti-roll vibration reduction capabilities. The system’s vibration impact occurs in a lower
frequency range.
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Figure 18. (a) Acceleration response of upper hull; (b) frequency domain response of acceleration of
upper hull.

4. Experimental Research
4.1. Test Bench Construction

The experimental setup in this study primarily consists of a hydraulic system, a
mechanical system, and a measurement and control system, including a test bench and
valve control devices. The hydraulic system is primarily used to adjust the position of the
hydraulic cylinders and control the switching of the hydraulic circuits. The mechanical
system is responsible for fixing the hydraulic cylinders, connecting the servo motor to
the piston rods of the hydraulic cylinders, and coupling the piston rods together. The
measurement and control system collects data on circuit pressure, flow rate, and hydraulic
cylinder displacement signals; controls the switching of the hydraulic circuits through the
control of one-way valves; and regulates the excitation output of the servo motor. The test
bench is illustrated in Figure 19, and the main component information of the test bench is
presented in Table 3.

Figure 19. The 8-cylinder hydraulic interconnection system test bench. 1, hydraulic pump station;
2, hydraulic cylinder group 1; 3, hydraulic cylinder group 2; 4, hydraulic cylinder group 3; 5, hydraulic
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cylinder group 4; 6, valve group 1; 7, valve group 2; 8, servo cylinder 1; 9, servo cylinder 2; 10,
industrial computer; 11, front overhang; 12, left overhang.

Table 3. Main component information.

Number Name Model Number Main Parameter Quantity
. Maximum flow rate 35 L/min Maximum
! Hydraulic pump YBZ-20-175 pressure 17 MPa Tank volume 160 L !
FF-131/100 o
2 Servo valve MKZ801F.14-115 Servo amplifier MK2801F.14 4
3 Proportional valve =~ KKDSR1PB/HCG24N0K4V 0-24 V DC control voltage 2
4 accumulator GXQB3.5L/21 MPa LY Nominal volume 3.5 L 4
5 flowmeter WT10VGALB 0-5 V voltage signal 4
6 Solenoid val DTDF-MC(H)N-224 34 Maximum flow rate 40 L/min Maximum 16
olenotd vatve L/min T-162A pressure 35 MPa
MIK-P300-2.5 .
7 Pressure sensor MPa-V1-B4-C1-J1P1 0-5 V voltage signal 4
8 Displacement KYDM-L 0-24 V voltage signal 8
sensor
. . Inner/outer diameter: 30 mm/50 mm
9 Hydpraulic cylinder SFQ50/36-300NZ1D stroke 300 mm 8
10 Servo cylinder XINJE DS5F-20P7-PTA Rated power 750 kw maximum output 2

power 6 kN

4.2. Research on Coupling Test of Interconnected Suspension

The experimental setup consists of a set of anti-pitch interconnected loops and a
set of anti-roll interconnected loops. Focusing on the parallel interconnected suspension
system proposed for enhancing the wave adaptability of rescue vessels, this study conducts
a 1/2 parallel interconnected suspension system excitation test. Specifically, hydraulic
cylinders 1-1 and 2-1 are mechanically connected, while hydraulic cylinders 1-3 and 2-3
are also mechanically connected. Through the valve control system, the anti-pitch loop
and the anti-roll loop are disconnected separately. Different amplitudes and frequencies of
excitation output are set for servo motor 1 to simulate the working sea conditions when the
1/2 suspension system receives wave excitation, as shown in Figure 20.

Figure 20. Schematic diagram of 1/2 parallel interconnected suspension.

1.  Different amplitudes

The output amplitudes of the servo motor are set to 30, 50, and 70 mm, and the
displacement responses of the hydraulic cylinders are shown in Figure 21a,b.

As shown in the figures, the parallel hydraulic cylinder group exhibits weaker com-
pensation ability for positive impacts. At amplitudes of 50 and 70 mm, the displacement
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compensations are approximately 4.4% and 8.8%, respectively. However, there is a pressure
error during the positive test at 30 mm, so it is excluded. During negative impacts, the dis-
placement compensation amplitude of the suspension system is around 39.1%, 49.9%, and
56.7%. This indicates that the suspension system has stronger compensation capability for
negative impacts. The compensation capabilities of the suspension system are summarized
in Table 4.

—=— Hydraulic cylinder 1-1 —=— Hydraulic cylinder 1-1
Amplitude: 30mm —— Hydraulic cylinder 2-1 190 —— Hydraulic cylinder 2-1

-~ Hydraulic cylinder 1-3 180 4’” o cw‘g’ M M‘.- - - Hydraulic cylinder 1-3 gpay
--~-— Hydraulic cylinder 2-3 :;8 -~ —Hydraulic cylinder 2-3
el VYV VYV e VV YV
170 F ) i T T T 140 . L . L . . .

.5 10 15 20 25 30 35
220 F Amplitude; 50mm
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9]
S
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=
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15
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200 a*b’\ﬁwf”m,mfv\wm*_
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Hydraulic cylinder displacement/mm

I [
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(@) (b)

Figure 21. (a) Hydraulic cylinder displacement response (positive impact); (b) hydraulic cylinder
displacement response (negative impact).

Table 4. Displacement compensation of 1/2 parallel connected suspension system.

Excitation amplitude 30 mm 50 mm 70 mm

Wave class 1 class 2 class 3 class
Displacement Forward impact 15.0% 4.4% 8.8%
compensation Negative impact 39.1% 49.9% 56.7%

2. Different frequencies

We have selected and analyzed the test results obtained at different frequencies with
excitation amplitudes of 50 and 70 mm. The test results are presented in Figure 22a-d.

As can be seen from the figures, with the decrease in excitation frequency, the ampli-
tude of the hydraulic cylinder’s displacement response also decreases, indicating that the
suspension system’s displacement compensation capability decreases with lower excitation
frequencies. A frequency domain analysis of acceleration and angular acceleration for the
hydraulic cylinder displacement response of the parallel interconnected suspension system
is conducted, and the results are shown in Figure 23a,b.

From the figures, it is evident that the parallel interconnected suspension system
experiences an increase in the vibration amplitude of the suspension system as the exci-
tation frequency increases. The acceleration response amplitude at the low frequency of
0.071 Hz is approximately 75% of that at 0.142 Hz. The equivalent angular acceleration
frequency domain amplitude response follows the same trend, indicating that the parallel
interconnected suspension system is not sensitive to low-frequency impacts. Both the
stability and damping performance of the suspension system show good results.

The test results demonstrate that the parallel interconnected suspension system is
insensitive to low-frequency impacts and combines the relative advantages of anti-pitch and
anti-roll interconnection. Both the stability and damping performance of the suspension
system exhibit excellent performance, proving the feasibility and superiority of the parallel
interconnected suspension system for practical sea conditions.
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Figure 22. (a) Hydraulic cylinder displacement response (positive amplitude 50 mm); (b) hydraulic
cylinder displacement response (negative amplitude 50 mm); (c) hydraulic cylinder displacement
response (positive amplitude 70 mm); (d) hydraulic cylinder displacement response (negative ampli-

tude 50 mm).
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Figure 23. (a) Frequency domain response of hydraulic cylinder acceleration (forward amplitude:
50 mm); (b) frequency domain response of equivalent angular acceleration (negative amplitude:
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References

50 mm); (c) frequency domain response of hydraulic cylinder acceleration (forward amplitude:
70 mm); (d) frequency domain response of equivalent angular acceleration (negative amplitude:
70 mm).

5. Conclusions

In addressing the challenges of complex coupling, increased difficulty in system con-
trol, increased number of intermediate components, and difficulties in theoretical research
within interconnected suspension systems, this study proposes a parallel decoupled sus-
pension system based on the multi-scenario analysis using ADAMS-AMESim co-simulation
and the experimental research on the coupling characteristics of hydraulic interconnected
suspensions. The main conclusions are as follows:

1.  When faced with simultaneous impacts from crosswaves and headwaves, the parallel
interconnected suspension system exhibits excellent anti-roll performance. Compared
to traditional truss-type rescue vessels, the suspension system achieves an 81.5%
improvement in anti-roll capability and a 25.0% improvement in anti-pitch capability.
The suspension system is greatly influenced by headwave impacts and wave levels,
and it exhibits significant damping effects on low-frequency impacts. Compared to
previous interconnected loops, the parallel interconnected suspension system reduces
the coupling of suspension loops, decreases the number of intermediate components,
lowers costs, and simplifies system control. When facing low-frequency and high-
amplitude waves, the suspension system maintains good stability and ride comfort
with excellent damping effects.

2. The 1/2 parallel interconnected suspension system achieves approximately 40% dis-
placement compensation, demonstrating its insensitivity to low-frequency impacts.
By combining the relative advantages of anti-pitch and anti-roll interconnection, the
suspension system exhibits good stability and damping performance, proving the fea-
sibility and superiority of the parallel interconnected suspension system for practical
sea conditions.

3. The simulation models used in this paper are all mechanical structures for theoretical
motion, without a detailed consideration of the hull structure in the actual ship design
and manufacture, and no real ship sea test was conducted. Future research work can
be carried out to fabricate the real ship prototype and verify the vibration-damping
performance of the suspension system proposed in this paper through a real ship
sailing test.
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