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Abstract

:

A small floating platform designed for an unmanned short-range defense system is proposed. The structures of the proposed floating platform and weapon system are detailed and described. The floating platform is investigated via virtual prototype technology in the aspects of the platform motion under sea waves of up to Beaufort wind and Douglas sea (wind-sea) scale 5. The motion equations of the floating platform are established according to the ship motion theory, and the movement of the floating platform under different wind-sea scales are simulated and analysed via multi-body fluid dynamics analysis software. To decide the proper size of the platform, the dynamic response of the floating platforms with different sizes is analysed and evaluated under various sea conditions based on multi-body dynamics. A scaled model experiment was conducted and compared with simulation results to verify the theoretical model. A verification experiment was also conducted in a water tank for the performance of the platform via simulated wave disturbance. Results show that the designed floating platform could provide a stable platform in the horizontal direction under a wind-sea scale 3 environment for the defense weapon system, which well meets the design requirement.
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1. Introduction


Presently, the world is facing significant challenges in terms of energy shortage, environmental pollution, greenhouse gas emission, and energy supply in rural areas, which give rise to a heavy burden on sustainable development [1,2]. Renewable energy has been attracting attention worldwide in order to tackle these issues. In this situation, the ocean has become one of the goals for countries to compete for due to its huge economic, political, and military interest.



Unmanned offshore platforms can be used as both civil and military equipment. For example, tension-leg platform (TLP), spar, and Floating Production Storage and Offloading (FPSO) have been widely used for oil and wind turbine systems in deep water, with huge size, complex control ability, and poor mobility and flexibility [3,4,5,6]. The unmanned naval vessels, equipped with advanced control systems and communication systems, can carry out ocean reconnaissance and anti-submarine operations, but they generally operate in offshore waters, and the overall system is relatively large and complex. The shipborne platform is mainly used for the takeoff and landing of large shipborne unmanned aerial vehicles (UAVs), with strong load capacity and lack of flexibility [7].



A floating platform is susceptible to large oscillations such as the aerodynamic force of wind and the hydrodynamic force of the wave, which may compromise its performance and structural stability [8]. In particular, the offshore platform tends to have a swaying motion induced by sea waves, including multi-dimensional motions such as roll and pitch [9], which could reach up to 10° and angular velocity up to 10°/s [10]. Therefore, to provide a stable platform for the integrated instrument, the platform must be capable of adjusting its inclination induced by sea waves [11].



Uncontrollable inclination can cause unexpected damage, such as interference and collision between the floating body and other objects or other floating bodies, especially if the two floating bodies need to be in a relative static position relationship. Although there are many ways to deal with damage, collision reduction methods, materials, or devices have been proposed [12,13,14,15]. However, it is more important to consider the mechanism of floating body sloshing to restrain a floating body’s motion induced by sea waves. Since the 1940s, researchers have begun to focus on the hydrodynamic theory of ship sway, and Green’s function was applied to establish the hull disturbance velocity potential function to solve the ship motion problem, which is still an important model for the swaying problem to this day [16]. After the 1950s, the slicing theory proposed by Corvin-kraukowski [17] and its improved methods has been developed to calculate ship motion in oblique waves, which can be used for solving ship motion of six degrees of freedom (DOF) [16]. Along with the development of the slicing theory, the three-dimensional theory of hydrodynamic calculation of ship motion has also been developed. Compared with the slicing theory, it has higher calculation accuracy and is closer to the test results. In recent years, nonlinear ship motion has attracted great attention, such as the second-order steady wave drift force and slow-varying wave drift force suffered by ships and marine engineering structures [18]. When analysing the motion of offshore floating platforms under random waves, the analysis method of ship motion for reference [19,20] can be used. However, there are still some differences between the floating platform structure and the ship structure. Therefore, it is necessary to analyse the movement characteristics of offshore floating platforms according to their specific characteristics.



An unmanned platform is one of the best ways to realize surface information perception, early warning, and reconnaissance. A small-size floating platform on the water surface, which is portable and easy to release, provides a stable platform for information detection on the sea surface. The structure of the floating platform currently designed is mainly different from that of the ship structure in aspect ratio. The overall height of the floating platform is much larger than the diameter/width/length, while the overall height of the ship is generally smaller than the width or length of the ship. This is the main difference between the floating platform and the ship, which leads to the stability problem of the floating platform in the wave environment. Therefore, it is necessary to compensate for or control the influence of waves. In addition, the small scale platform in this paper mainly refers to the small ratio between the feature size of the floating platform and the wavelength, and a ratio less than 0.2 is called small scale.



Previous studies on the dynamic response of floating platforms mainly focused on large-sized, hinged, or single floating platforms. This paper proposes a small floating platform designed for a short-range defense system, which could buy time for the retreat of valuable objects from the enemy air force. The influence of ocean waves on the working performance of the floating platform is investigated in this paper. The dynamic model of the multi-body system is established based on the research method of the shipborne rocket weapon, and its dynamic characteristics are studied in theory and simulation. The dynamic response of the floating platforms with different sizes is analysed and evaluated under various sea conditions based on multi-body dynamics to decide the proper size of the platform. A preliminary floating test was carried out using a scaled platform and scaled wave generation, followed by a verification experiment in a water tank, to verify the performance of the platform.




2. System Structural Design


2.1. Design Requirement


The defense system needs to work at wind-sea scale 3 wave conditions, and the entire platform cannot exceed the swaying range of ±15°. The wave classification standards are shown in Table 1.



The structural design of the overall system is shown in Figure 1, which is mainly composed of a floating platform, a weapon system (including an infrared detector, rotating parts, pitching parts, and base components), and a self-leveling system. The floating platform is designed to carry the whole weapon system, enabling the system to float on the sea surface and resist wave-caused swaying motion. Then, the weapon system searches for and locks the target utilizing the infrared detector. In order to compensate for the wave-induced swaying angle on the weapon system, a real-time leveling system is attached at the bottom of the system. The total load carried by the floating platform is 262.82 kg including the search aiming system, and the displaced volume is   V =   262.82 + 22   1025   = 0.278   m3.




2.2. Structural Design


Four inflatable rubber airbags are preliminarily selected as the main frame of the floating platform, as shown in Figure 2.



The four airbags are overlapped together and rigidly connected with the fixed support of the weapon system through bolts to form an intersecting parallel shape. The airbag is inflated and opened by the gas generating device after being initiated at the target location. Airbag diameter and length are the main design variables, which can be determined by the following aspects: (a) The airbag can provide enough buoyancy for the defense system; (b) The platform can reduce the swaying angle within ±15°, creating a good environment for the leveling system. For the former, it can be obtained via the buoyancy equation    F  f l o a t i n g   =  ρ  w a t e r   g v =  G  s y s t e m    , and the displaced volume is   V =    G  s y s t e m      ρ  w a t e r   g   =  M   ρ  w a t e r      .





3. Methods


When a floating platform deviates from its initial equilibrium position under the impact of sea waves, the ability to recover the initial equilibrium position by itself is called stability. According to different inclination angles, the stability can be divided into the initial stability and the large inclination stability. The inclination for initial stability is less than 10~15°, and the large inclination stability inclination is greater than 15°. In this study, to reduce the workload of the leveling system, the swaying angle of the floating platform needs to be within 15°. The swaying of the platform with different sizes can be obtained by adjusting the platform size, which is selected based on the initial stability angles.



3.1. Motion Equation of Floating Platform


The force induced by the wind and waves could lead to the swaying motion of the floating platform. The basic form of sway motion includes roll, pitch, yaw, heave, sway, and surge, as shown in Figure 3. The direction of the coordinate system in Figure 3 is the same as that of the fixed coordinate system of the weapon system, where the origin is located in the static water surface, with  x  axis parallel to the pitch drive side, and  y  axis points to the direction of the gun tube at the angle of 0°, perpendicular to the waterline. Roll is the floating platform sway around x axis, and the roll angle is  φ . Pitch is the floating platform sway around the y axis, and the pitch angle is  θ . Yaw is the floating platform sway around the z axis, and the yaw angle is  ψ .



This study adopts linear wave theory for motion calculations [20,21]. According to the analysis of ship swaying motion in the linear range, assuming that the platform swaying angle has a small range, it should be solved in the linear range. Therefore, the hydrodynamic calculation of the platform swaying in regular waves can be decomposed into the solution of the radiation problem and the diffraction problem. The radiation problem only considers the forced oscillation of the platform in still water. In the diffraction problem, it is assumed that the platform is in the equilibrium position; there is no rocking motion, only the action of wave incident wave. According to the force balance, the hydrodynamic force in these two kinds of problems is balanced with the hydrostatic restoring force of the platform and the inertia force of the platform rocking, which makes the problem solved. The problem of irregular waves can be regarded as the linear superposition of many regular waves.



According to the principle of force balance, the hydrodynamic force in these two kinds of problems is balanced with the hydrostatic restoring force of the platform and the inertial force of the platform swaying. Then, it can be solved via the statistical value of platform swaying in irregular waves by using spectral analysis.



It is assumed that the water environment is an ideal fluid which is uniform, incompressible, and non-viscous. The flow field satisfies the following conservation law [22]: Equation of continuity and Euler equation:


  ∇ ·  v ⇀  = 0  



(1)






   (   ∂  ∂ t   +  v ⇀  · ∇  )   v ⇀  = − ∇  (   p ρ  + g y  )   



(2)




where    v ⇀   (  x , y , z , t  )    is the velocity vector;   p  (  x , y , z , t  )    is pressure;  ρ  is the density of water. As the curl in the irrotational flow field is zero, then:


   Ω ⇀  = ∇ ×  v ⇀  = 0  



(3)







The velocity potential function   ϕ  (  x , y , z , t  )    in the irrotational flow field satisfies


   v ⇀  = ∇ ϕ  (  x , y , z , t  )   



(4)




which also yields to the Laplace equation    ∇ 2  ϕ  (  x , y , z , t  )  = 0  , expressed in rectangular coordinates by:


     ∂ 2  ϕ   ∂  x 2    +    ∂ 2  ϕ   ∂  y 2    +    ∂ 2  ϕ   ∂  z 2    = 0  



(5)







In combination with the above equations,


   p ρ  + g y +    v 2   2  +   ∂ φ   ∂ t   = C ( t )  



(6)




where   C ( t )   is a function of time t.



After the constant velocity potential is obtained, the pressure distribution of the flow field can be calculated according to the Lagrangian integral formula Equation (6), to further determine the fluid force exerted on the platform and establish the differential equation of the platform motion.



In order to make the solution of the Lagrangian equation unique, the following boundary conditions should be applied:




	
Boundary conditions on the platform surface:








From the impenetrability of the material surface, it can be obtained that:


    ∂ φ   ∂ n    |    S       = U   n   



(7)




where the left side of Equation (7) represents the normal velocity of a mass point on the surface S of the object, and the right side represents the normal projection of the motion velocity of a point on the surface S. The equation indicates that there is no liquid flow in or out of the object when the normal velocity at any point of surface S is equal to the normal velocity of any fluid mass point close to this point.




	
Boundary conditions on the free surface:








A free surface is often thought of as a flat surface of   z = 0  , that is, an undisturbed still surface. In the secondary plane,


     ∂ 2  ϕ    ∂ 2  t   + g   ∂ ϕ   ∂ z   = 0  



(8)












	
Radiation conditions:








For linear hydrodynamic problems caused by finite range disturbances,


      lim       R → ∞      R   (    ∂ ϕ   ∂ R   +  1 C    ∂ ϕ   ∂ t    )  = 0  



(9)




where R is the horizontal distance from a point at infinity to the disturbance, and C is the wave propagation velocity.




	
Infinite water depths meet:










      lim       y → − ∞     ∇ ϕ = 0  



(10)




indicating that the influence of disturbance decreases with the increase in water depth.




3.2. The Motion Equation of the Floating Platform


Newton’s momentum theorem and moment of momentum theorem of rigid body mechanics can be used to establish the equations of the platform motion, including three translational equations and three rotational equations [23,24,25,26,27]. The momentum and momentum moment theorems are:


    d  G ⇀    d t   =  F ⇀   



(11)






    d  Q ⇀    d t   =  M ⇀   



(12)




where   G ⇀   is the rigid body momentum;   Q ⇀   is the momentum distance around the mass center;   F ⇀   is the resultant of the external force acting on the particle;   M ⇀   is the external torque around the mass center.



To simplify the calculation, it is assumed that the moving coordinate system of the platform is located at the mass center of the platform, that is, the origin is at the mass center of the platform, then:


    d  G ⇀    d t   =   d  (  M  v ⇀   )    d t   = M  (    ∂  v ⇀    ∂ t   +  ω ⇀  ×  v ⇀   )  =  F ⇀   



(13)






    d  Q ⇀    d t   =   ∂  (  I  ω ⇀   )    ∂ t   = I  (    ∂  ω ⇀    ∂ t   +  ε ⇀  ×  ω ⇀   )  =  M ⇀   



(14)




where  M  is the mass of the rigid body,   v ⇀   is the motion velocity of the mass center,   ω ⇀   is the angular velocity of rotation around an instantaneous axis of the mass center, and  I  is the moment of inertia around an instantaneous axis of the mass center.



As the platform motion is within a small angle range, the nonlinear influence can be ignored and only the first-order linear response needs to be considered. Equations (13) and (14) can be simplified as:


  M   ∂  v ⇀    ∂ t   =  F ⇀   



(15)






  I   ∂  ω ⇀    ∂ t   =  M ⇀   



(16)







In order to simply the six degrees of freedom motion of the platform, a matrix


   [   m  i j    ]  =  [     M                       M         0              M                         I  11        I  12        I  13           0        I  21        I  22        I  23                   I  31        I  32        I  33        ]   



(17)




and a vector:   {   x j   }  =  {   x ¯  ,  y ¯  ,  z ¯  , α , β , γ  }    are introduced, where   x , y , z   are the displacements and   α , β , γ   are the angular rotations.



Equations (15) and (16) then can be written as


   m  i j     x ¨  j  =  N i         (  i , j = 1 , 2 , 3 , 4 , 5 , 6  )   



(18)




where    N i    is the combined external forces or external torques acting on the platform, which is the general description of the linear motion equation of the floating platform on the waves.



When the platform is swaying, the forces acting on the platform mainly include the wave-induced disturbing force, the fluid reaction force generated by the platform swaying, the static restoring force generated by an off-balance position, and external forces such as wind-caused force, where the former two are called fluid forces. The fluid force and torque are equal to the integral of fluid pressure acting on the normal surface of the platform along the wetted surface of the platform.



Pressure  p  can be calculated by the velocity potential function  ϕ  according to the linear Lagrangian integral:


  p  (  x , y , z , t  )  = − ρ   ∂ ϕ   ∂ t   − ρ g z  



(19)







Then the fluid force F on the platform is:


   F i  =    ∬ S   p  n i  d S          i = 1 , 2 , 3  



(20)




and the torque    M ′    is:


     M ′   i  =    ∬ S   p    (   r ⇀  ×  n ⇀   )   i     d S       i = 1 , 2 , 3  



(21)




where   r ⇀   is the vector diameter from a point on the surface to the origin of the moving coordinate system, and   n ⇀   is the unit normal vector of the platform surface.



Substitute Equation (19) into Equations (20) and (21) to get:


   F i  = − ρ    ∬ S   g z  n i  d S    − ρ    ∬ S     ∂ ϕ   ∂ t       n i  d S  



(22)






  M  ´ i  = − ρ    ∬ S   g z    (   r ⇀  ×  n ⇀   )   i  d S    − ρ    ∬ S     ∂ φ   ∂ t         (   r ⇀  ×  n ⇀   )   i  d S  



(23)







As the movement of the platform is within a small angle range, and the difference between the instantaneous wet surface S when swaying and the stationary wet surface S0 is insignificant, S can thus be replaced by S0:


   F i      ( d )    = − ρ    ∬   S 0       ∂ ϕ   ∂ t       n i  d S  



(24)






     M ′   i      ( d )    = − ρ    ∬   S 0       ∂ φ   ∂ t         (   r ⇀  ×  n ⇀   )   i  d S  



(25)







The Equations (24) and (25) are expressed by a generalized coordinate vector as:


   F i      ( d )    = − ρ    ∬   S 0       ∂ φ   ∂ t       n i  d S       i = 1 , 2 , 3 , 4 , 5 , 6  



(26)




and the rest are static terms. Equation (26) describes the main driving force of the platform’s swaying motion.



The total velocity potential in the flow field can be decomposed into constant wave potential    ϕ ¯   (  x , y , z  )   , incident wave velocity potential    ϕ I   (  x , y , z , t  )   , diffraction velocity potential    ϕ D   (  x , y , z , t  )    and radiation velocity potential    ϕ R   (  x , y , z , t  )   ; then the total velocity potential is expressed by:


  ϕ =  ϕ ¯  +  ϕ I  +  ϕ D  +  ϕ R   



(27)







In addition, the radiation velocity potential can also be expressed as:


   φ R  =   x ˙   o j    φ j         (  j = 1 , 2 , 3 , 4 , 5 , 6  )   



(28)




where    x  o j     is the oscillating motion displacement, and    ϕ j    is the normalized velocity potential corresponding to the motion mode  j .



Substitute Equations (27) and (28) into Equation (26):


   F i      ( d )    = − ρ    ∬   S 0       ∂  ϕ I    ∂ t       n i  d S − ρ    ∬   S 0       ∂  ϕ D    ∂ t       n i  d S − ρ    ∬   S 0       ∂   x ˙   o j    ϕ j    ∂ t       n i  d S  



(29)




where the first two elements are wave disturbing forces, denoted as:


   F  w i   =  F  w i  k  +  F  w i  d   



(30)




where    F  w i  k  = ρ i ω    ∬   S 0      ϕ I      n i  d S  , and    F  w i  d  = ρ i ω    ∬   S 0      ϕ D      n i  d S  ,



and the third term is the fluid reaction force on the platform, denoted as:


   F R  = −   x ¨   o j    μ  i j   −   x ˙   o j    λ  i j    



(31)




where    μ  i j     is the additional mass coefficient, and    λ  i j     is the additional damping coefficient.



In Equation (26), the static term is the restoring force and moment of the platform sway motion, denoted as


    F i      ( s )    = −  C  i j   ·  x  o j           i , j = 1  , 2 , 3 , 4 , 5 , 6    



(32)




where    {   x  o j    }  =  (   x ¯  ,  y ¯  ,  z ¯  , α , β , γ  )   , and    {   C  i j    }    is the coefficient matrix of restoring force.



The wind load calculation is based on:


   F w  =  C j   ( θ )  ×  v 2   



(33)




where    C j    is the wind coefficient corresponding to different wind direction angles  θ , and  v  is the wind speed on the platform surface.



The specific motion equation of the platform on waves can be derived by substituting Equations (30)–(33) into Equation (18):


   (   m  i j   +  μ  i j    )    x ¨   o j   +  λ  o j     x ˙   o j   +  C  i j    x  o j   =  F  w i  k  +  F  w i  d  +  F w        i , j = 1 , 2 , ⋯ 6  



(34)








3.3. Description of Waves


The irregularity of sea waves brings many difficulties to the mathematical wave description. The most commonly used mathematical method is the wave energy spectrum method. In this method, it is assumed that waves are two-dimensional, that is, waves are only generated in a plane, with only one fixed advance direction for each wave, and an infinitely long crest line perpendicular to the advance direction. It is also assumed that irregular waves of two-dimensional magnitude are formed by the linear superposition of regular waves with many different amplitudes and wavelengths [28,29]. For the regular wave in the irregular wave formed by superposition, the wave energy per unit area is:


  E =  1 2  ρ g  ξ a 2   



(35)




where  ρ  is the density of water, g is the gravitational acceleration, and    ξ a    is the amplitude.



The energy per unit area of the wave in the frequency range    (  ω , ω + Δ ω  )    is:


   E  Δ ω   =  1 2  ρ g   ∑  Δ ω     ξ  a i  2     



(36)







Set    E  Δ ω   = ρ g S  ( ω )  Δ ω  , then


  ρ g S  ( ω )  Δ ω =  1 2  ρ g   ∑  Δ ω     ξ  a i  2     



(37)






  S  ( ω )  =    1 2    ∑  Δ ω     ξ  a i  2      Δ ω    



(38)




where   S  ( ω )    is the wave energy spectrum of irregular waves and represents the average wave energy distribution on a small frequency band. The total area under the wave energy spectrum curve represents the total wave energy per unit area.



Among all descriptions of the wave energy spectrum, Pearson–Moskovitch spectrum (P–M) has engineering practical value and basic significance, which can be described by:


  S  ( ω )  =  A   ω 5    exp  (  −  B   ω 4     )   



(39)




where   A = 0.0081  g 2   ,   B = 0.74    (   g U   )   4   , and  U  is the wind speed at 19.5 m above sea surface.





4. Simulation Results


In order to obtain the swaying situation of different sizes of the airbag, three airbag lengths are selected, namely, four meters, five meters, and six meters, which is mainly decided by enough buoyancy provided by the airbag and the small sway angle of 15 degrees induced by the sea wave under a level 3 sea state. According to the working environment of the weapon system, three sea conditions (wind-sea scale 3, 4, and 5) are selected. The wave directions are set to 0°, 45°, and 90°, respectively, and the roll, pitch, and heave motions are the main considered sway motions, as the design described in this paper is mainly used to provide a stable platform for the aiming instrument. Therefore, most attention is paid to the swing angle induced by sea waves, and the floating platform is symmetrical and even circular in all directions. In this situation, roll, pitch, and heave are the three kinds of motion that have the greatest influence on swing angle generation. Figure 4 represents the finite element model of the floating platform. The cylindrical shell in the z axis represents the fixed support structure of the load system rigidly connected to the floating platform, and the rest represent the airbag surface model.



Figure 4 shows the finite element model of the floating platform. The simulation process is as follows: Firstly, model information and statics environment are input into the finite element multi-body fluid dynamics simulation software. Then, relevant parameters used for radiation/diffraction analysis are input for radiation/diffraction analysis. Finally, wind load, wave load, and other environmental parameters need to be input for simulation. After the post-processing stage, the final simulation results can be obtained.



4.1. Four-Meter Airbag in Different Wind-Sea Scales


Figure 5 shows the response of the floating platform with wave directions of 0°, 45°, and 90°, respectively. Figure 5a is the platform response at the wave direction of 0° (the one on the left shows the angular variation around the x axis, the middle one shows the angular variation around the y axis, and the last one shows the heave movement). Figure 5b,c shows the platform responses with the 45° and 90° wave directions, respectively. The following figures are arranged in the same way as Figure 4. Figure 5 and Figure 6 show the responses of the floating platform with wave directions of 0°, 45°, and 90°, respectively, under wind-sea scale 4 and 5, respectively.



The following results can be derived in Figure 5, Figure 6 and Figure 7. For the same wind-sea scale, under a wave direction of 0°, waves travel along the x axis, and the main motion of the platform is the pitch motion around y axis and heave motion along z axis. The average peak of the pitch angle is at about 10° and roll angle is close to 0°, with heaving motion near the mass center moving up and down under the wind-sea scale 3. As the wave direction increases to 45°, the rolling angle increases, with the average peak reaching 10° and the pitch angle peak decreasing to 5°, but the heave motion hardly changes. When the wave direction is 90°, the rolling angle is obviously larger than the pitching angle, with the average peak value close to 10°, the pitching angle close to 0°, and a relatively stable heave motion. It can be seen that the motion of the platform under the 45° wave direction is the joint action of roll, pitch, and heave, while the platform under 0° or 90° wave is the joint action of pitch (or roll) and heave motion.



From Figure 5, Figure 6 and Figure 7, it also can be seen that as the wind-sea scale number increases, the peak value of the swaying angle of the platform increases. Under the wave direction of 0°, the peak of the swaying angle in wind-sea scale 4 is about 12°, and it is about 15° in wind-sea scale 5. Under a wave direction of 45°, the peak value of the swaying angle is about 15° in wind-sea scale 4 and 18° in wind-sea scale 5. Under a 90° wave direction, the peak value is about 16° in wind-sea scale 4 and about 20° in wind-sea scale 5. The mass center displacement of heave motion also shows a trend of gradual increase; the heave motion in wind-sea scale 5 shows obvious irregularity, and the fluctuation of the platform is more serious. It can be seen that the rolling, pitching, and heave motions increase with the increase in the wind-sea scale number.




4.2. Five-Meter Airbag in Different Wind-Sea Scales


Figure 8, Figure 9 and Figure 10 show the response of the floating platform with a five-meter airbag, at 0°, 45°, and 90° wave directions under wind-sea scales 3–5, respectively. It can be seen that the platform motion with a five-meter airbag in the same sea condition is similar to that of the four-meter airbag, but the swaying angle obviously decreases. At 0° wave direction, the average peak value of the swaying angle is about 6°, 10°, and 12°, under the sea conditions of wind-sea scale 3, 4, and 5, respectively. When the wave direction is 45°, the peak value of the swaying angle is about 5°, 5°, and 8°, under the wind-sea scale 3, 4, and 5, respectively. At 90° wave direction, it is about 5°, 10°, and 12°, under the wind-sea scale 3, 4, and 5, respectively. The displacement of the mass center in heave motion has only little change compared with that of the four-meter airbag.




4.3. Six-Meter Airbags in Different Wind-Sea Scales


Figure 11, Figure 12 and Figure 13 are the response of the platform at wave directions of 0°, 45°, and 90°, respectively, under the conditions of wind-sea scale 3–5, respectively. As can be seen from Figure 11, Figure 12 and Figure 13, if the airbag length continues to increase, the swaying and heave degrees at all wind-sea scale conditions decrease correspondingly. The average peak value of the swaying angle of each wave is about 5° under wind-sea scale 3, and it is 8° and 10° for wind-sea scale 4 and 5, respectively.




4.4. Result Discussion


The effect of different airbag lengths on the swaying angle is investigated via comparing platform rotations under the same working conditions. Taking the wave direction of 45° as an example, angular rotations along x and y axis are compared as shown in Figure 14. It shows that increasing the length of the airbag can effectively reduce the swaying angle of the platform, but there is no significant change between a 5 m platform and a 6 m platform.



Figure 15 gives the maximum swaying angles of different size platforms in various sea conditions (up to wind-sea scale 5) during simulations. It shows that the maximum swaying angle of the 4 m platform obviously outnumbers 15°in all wind-sea scales, while the other two are within ±15° in all situations. In addition, the platform shows the tendency of automatically returning to the equilibrium position during swaying movement.



Based on the simulation results, and considering that the increment of airbag length can result in an increase in the overall mass and its inflation time, it is reasonable to select an airbag with a length of five meters.





5. Test Results


5.1. Experimental Setup


A preliminary floating test was carried out by using a scaled model in a sea wave simulating tank. The scaled model was produced based on the Froude and Strouhal theory. In this experiment, the model needs to meet the following three similarity criteria, which are geometric similarity, kinematic similarity, and dynamic similarity, respectively. It is very difficult to ensure the similarity of all dynamic conditions between the ship or ocean engineering structure and the scaled model. Since the viscous force plays a non-important role in the model experiment, the influence of viscosity is usually not considered, and only the two principles of gravitational similarity and inertia force similarity are guaranteed, which are the Froude and Strouhal numbers between the real-size structure and the scaled model and are kept equal, following the Equation (40).


    F r  =    V m      g  L m      =    V s      g  L s      ,      S t  =    V m   T m     L m    =    V s   T s     L s    ,   



(40)




where Fr represents Froude number, St represents Stohar number, and V, L, and T, respectively, represent characteristic physical quantities corresponding to velocity, line scale, and period. m represents the model and S is the entity.



After the reduction, the height of the main body of the model is 1.75 m, with a diameter of 0.125 m, and a mass of 21.875 kg with a center mass of 0.54 m. The diameter of the floating sac is 0.59 m.



The scale model experiment was carried out in the towing tank of the Key Laboratory of Ocean Engineering Technology, Zhejiang Ocean University. The towing tank and wave generator are shown in Figure 16c,d. The tank is 130 m long, 6 m wide, and 4 m deep. The front end of the tank is a hydraulic plate wave generation machine, which can produce unidirectional regular and irregular waves. The generated wave height is 0 to 0.35 m, with a period of 0.5 to 5 s. A clipping device is installed at the back end to absorb wave energy to prevent wave reflection from affecting the platform response. The schematic diagram of the scaled model experiment layout of the floating platform is shown in Figure 16a,b. The experiment model is arranged symmetrically in the tank 25 m away from the wave generator, where the waves from the wave-maker are stable. The scaled model in the tank is a rootless system on the water surface, and displacement along the wave direction will be generated under the action of waves. Therefore, the scaled model and the data acquisition lines are connected with the mobile guide, which can slide with the experimental model. The roll angle response of the floating platform is collected via the attitude measurement system, with an acquisition frequency of 100 Hz. In addition, a wave height meter used to measure the wave height and frequency generated by the wave maker, a tension sensor used to measure the change of elastic force between the floating sac and the connecting part of the platform during the movement of the floating platform, and a pressure sensor used to measure the change of water pressure at the bottom of the floating platform in the process of movement were also employed in the experiment.



The marine environment for the floating platform is level 3 wind-sea scale, and the design parameters of the experimental conditions corresponding to the scaled model are shown in Table 2. Regular waves were applied in all experiments, and each experiment was repeated three times.




5.2. Test Results Analysis


The effects of the following system parameters, including the center of mass, the radius of the floating platform, the wave height, and the period of the wave, were studied. Figure 17 shows the comparison of the angle response of the floating platform under different wave conditions.



As shown in Figure 17, the experimental results agree well with the numerical simulation, and the angle of the platform is obviously related to the wave height and period. During all the periods, there is a typical “bending” phenomenon (denoted in Figure 16) in the experimental and simulation results, where shows some difference between the two results. This is because the airbag has a certain elasticity, which causes the delay of the angle response.



The angle response of the floating platform under different wave heights and periods was tested, and the results are shown in Figure 18 and Figure 19. Figure 18 shows that wave height has a significant influence on the platform angle. The maximum angle increases from around 2.4° to 5.8° when the wave height is changed from 10 cm to 26 cm. In Figure 19, the period change also shows its influence on the angle response. The maximum angle under 18 cm wave height increases by 5° when the wave period increases from 2 s to 2.4 s, and it is 2.3° for the situation of a 26 cm wave height.



The effect of two parameters, mass center and airbag radius, were investigated in the scaled model experiment to verify the design, the results of which are shown in Figure 20 and Figure 21. Figure 20 indicates that the maximum angle decreases with the increase in the position of the center of mass. The maximum angle decreases as the radius of the floating airbag decreases, as shown in Figure 21. Therefore, appropriate system mass center and platform radius can reduce the maximum sway angle of the system.



The results show that the floating platform design will meet the requirements of the design. In all working conditions of wind-sea scale 3, the swaying angle of the platform is within ±15°.




5.3. Stabilization Experiment in a Water Tank


In order to verify the auto-leveling performance of the floating platform in free deep water, a simulated test of the floating platform was carried out in an experimental water tank with a length and width of 6 m and a depth of 3 m, located in the underwater laboratory of Nanjing University of Science and Technology. Before the experiment, the floating platform was sealed and waterproofed. The floating capsule of the floating platform adopts a parallel floating capsule which is convenient for the experiment and can meet the requirements, connected with the floating platform by a nylon rope which is used for producing wave disturbance. The designed surface floating platform is shown in Figure 22.



The surface wave disturbance is exerted by the disturbance rope on both sides of the platform and the disturbance is generated manually via repeatedly pulling the rope. After the system is started, the slosh angle of about 0.4 Hz and ±10° is manually created, respectively. The obtained attitude stability curve is shown in Figure 23.



As can be seen from Figure 23, under the conditions of ±10 ° and 0.5 Hz of simulated sea wave disturbance, the platform can stabilize itself within the range of ±0.36 °. The result shows that the attitude stabilization system can achieve the dynamic stability of the water surface of the load system and meet the design requirements.





6. Conclusions


In this paper, an offshore unmanned auto-leveling sea-surface drifting platform is proposed. The mechanical structure, control system hardware, and software of the principle prototype are introduced. The motion equations of the floating platform are established according to the ship motion theory, and the movement of the floating platform under different wind-sea scales is simulated and analysed via multi-body fluid dynamics analysis software. The simulation results show that the proper length size of the airbag is five meters. A scaled model experiment was conducted and compared with simulation results to verify the theoretical model. A verification experiment was also conducted in a water tank for the performance of the platform via simulation of the wave disturbance. The results show that the designed floating platform could provide a stable platform in the horizontal direction under a wind-sea scale 3 environment for the defense weapon system, which well meets the design requirement. Experimental results show that the auto-leveling system can achieve a real-time leveling against the angle deviation induced by waves, with a leveling accuracy of 0.2° in a simulated wave with the angle of 12°, which well meets the requirements of observation equipment.
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Figure 1. Structure diagram of the surface unmanned drifting platform. 
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Figure 2. Structure diagram of the floating platform. 
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Figure 3. The coordinate system setting of the floating platform. 
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Figure 4. Finite element model of floating platform. 
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Figure 5. The platform response under wind−sea scale 3 with different wave directions. 
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Figure 6. The platform response under wind−sea scale 4 with different wave directions. 
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Figure 7. The platform response under wind−sea scale 5 with different wave directions. 
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Figure 8. The platform response under wind−sea scale 3 with different wave directions. 
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Figure 9. The platform response under wind−sea scale 4 with different wave directions. 
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Figure 10. The platform response under wind−sea scale 5 with different wave directions. 
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Figure 11. The platform response under wind−sea scale 3 with different wave directions. 
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Figure 12. The platform response under wind−sea scale 4 with different wave directions. 
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Figure 13. The platform response under wind−sea scale 5 with different wave directions. 
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Figure 14. Angular rotations of different size platforms under wave direction of 45° in wind−sea scale 4. 
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Figure 15. Maximum angular rotations of different size platforms under different wind−sea scales. 
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Figure 16. Experiment setup for scaled model verification (a) Sketch of the experiment setup, (b) Experiment setup, (c) The towing tank, (d) The wave generator. 
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Figure 17. Experimental and simulation results of the platform angle response under different wave conditions. 
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Figure 18. Angle response under different wave heights at 2 s wave period. 
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Figure 19. Angle response under different wave periods with wave heights of 18 cm and 26 cm. 
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Figure 20. Effects of the mass center on the angular response of the platform. 
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Figure 21. Effects of the airbag radius on the angular response of the platform. 
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Figure 22. Floating platform setup for water surface stabilization experiment. 
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Figure 23. System stability curve at ±10° periodic wave disturbance. 
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Table 1. World Meteorological Organization(WMO) wind-sea scale code.
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	WMO Wind-Sea Scale Code
	Characteristics
	Wave Height (m)





	0
	Calm (Glassy)
	0



	1
	Calm (Rippled)
	<0.1



	2
	Smooth (Wavelets)
	0.1–0.5



	3
	Slight
	0.5–1.25



	4
	Moderate
	1.25–2.5



	5
	Rough
	2.5–4
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Table 2. Parameter settings of the generated waves.
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	Conditions
	Period (s)
	Height (cm)





	1
	2
	10



	2
	2
	14



	3
	2
	18



	4
	2
	22



	5
	2
	26



	6
	2.2
	18



	7
	2.4
	18



	8
	2.2
	26



	9
	2.4
	26



	10
	2.2
	18



	11
	2.2
	18
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