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Abstract

:

The control system is one of the important components of the hydrofoil craft. By adjusting the navigation attitude of the craft, the hydrofoil craft can navigate stably and safely in the turbulent environment. Aiming at the problem that existing control algorithms have poor stability in the longitudinal motion control of hydrofoil craft, the longitudinal motion reduction is limited, and there are excessive requirements for accurate disturbance wave data. Based on the fully submerged hydrofoil craft model, this article proposes a joint control method LQRY-SMC combining linear-quadratic optimal control with output regulation (LQRY) and sliding-mode control (SMC), and adds genetic algorithm to optimize the weighting matrix parameters, get better control-feedback gain, improve the global optimal-control stability, thus improving the comfort of the crew, and prevent the attack of the hull, deck wetness and damage to instruments. The simulation results show that compared with the existing methods, the heave displacement and pitch angle obtained by LQRY-SMC under the turbulent flow of different significant wave heights are reduced by about 50%, and the influence of longitudinal motion on hydrofoil crafts is avoided to a large extent, which proves the effectiveness and superiority of the method proposed.
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1. Introduction


The fully submerged hydrofoil craft is a new type of high-performance ship. When sailing at high speed, the hydrofoil installed at the bottom of the craft body is used to generate hydrodynamic lift to lift part or all of the craft body off the water surface, so as to reduce the resistance and improve the sailing speed. The maximum speed can reach more than 50 knots. Compared with traditional ships, it has the characteristics of low resistance, high speed and good seakeeping. The appearance of hydrofoil crafts enables people to save time at sea and obtain a more comfortable shipping experience. However, under the interference of sea waves, hydrofoil crafts will inevitably produce heave and pitch motion, which seriously affects the comfort and work efficiency of the crew. On the other hand, the intense longitudinal movement will cause damage to the onboard instruments and equipment, increase the probability of the attack of the hull, deck wetness, and even hydrofoil out of the water, bring danger to navigation [1].



In order to make the hydrofoil craft navigate stably and safely in the turbulent environment, an important way is to add a control algorithm to the longitudinal motion system of the hydrofoil craft to reduce the heave displacement and pitch angle to a certain extent. By controlling the control surface of the hydrofoil trailing edge flap of the hydrofoil craft, the lift of the hydrofoil craft can be continuously adjusted to offset the interference of the waves and improve the seakeeping performance of the hydrofoil craft. At present, the most commonly used control methods of hydrofoil crafts are based on the improved PID algorithm or classical robust control, and for this multi-input and multi-output nonlinear strong coupling system with uncertain disturbance and unknown parameter disturbance, the above method has poor application effect, large error and cannot meet the requirements. Therefore, many scholars convert the nonlinear model into a linear model for research [2,3,4]. The longitudinal motion control system of ships can be traced back to the 1950s. Matdaud Z. summarized the key technologies used by the United States and the Soviet Union to control the longitudinal motion of ground-effect ships to stabilize ships in the past, and classified and summarized the control system [5]. Kaiye Hu et al. found that the active hydrofoil structure has better stability effect than the fixed hydrofoil in regular waves, and the stability effect decreases with the increase of sea conditions in irregular waves [6]. The longitudinal motion of the high-speed catamaran stability control model also provides a reference for the study of the automatic control system of hydrofoil crafts. Sang Hyun Kim combines LQR controller and Kalman filter to form a totally submerged hydrofoil model and control system. The final results show that it is very effective in still water, but it is not effective under the influence of sea waves, because it cannot reduce the impact of wave track motion and hydrofoil lift change [7]. An optimized preview servo system is designed for the problem, so that the stability of the control system can be enhanced in regular and irregular waves [8]. Hongli Chen et al. designed a PID controller capable of intelligent adaptive interference compensation by using backstepping and online calculation based on generalized dynamic fuzzy neural network, which can greatly reduce the output error of heave displacement and pitch angle, and have a certain control effect on longitudinal attitude [9], and can even use reinforcement learning to make the effect comparable to that of a PID controller [10]. Inspired by the aerospace vehicle [11], the unmanned aerial vehicle [12,13] and the underwater vehicle [14], Sheng Liu et al. proposed an improved adaptive complementary sliding mode controller with disturbance observer, and proved the stability of the system with the Lyapunov stability theory. The improved sliding surface can attenuate the switching gain and maintain the interference reflection performance, and can stabilize the longitudinal motion of the hydrofoil craft with small stability error and fast response [15,16,17]. Jangwhan Bai compared the advantages and disadvantages of the above three control methods under the same state space equation and gave a conclusion [18].



Based on the analysis of the above documents, the following problems exist: PID control is sensitive to the wave height in irregular waves, and there is even a large instability factor. LQR control is applicable in various wave environments. The algorithm uses small control inputs and can attenuate the motion, but it still cannot make the heave displacement and pitch angle reach the longitudinal stable state. Sliding-mode control provides the maximum reduction of quasi-static motion. However, when the disturbance conditions are uncertain, the performance of sliding mode control is greatly affected by the wave environment. In addition, it also needs a larger flap angle of front and rear hydrofoil than LQR control.



In the field of control, not only can separate control methods be used, but also they can be combined.Subsequently, some scholars have proposed a sliding mode controller based on LQR sliding surface for the balance control of the rotating two-stage inverted pendulum (RDIP) system. The sliding surface is designed based on LQR optimal gain. Under external interference and model and parameter uncertainty, LQR-SMC can maintain the stability of the system and obtain better performance than using them alone [19,20,21], wwhereas the LQR system considers only the size of the system state and the control quantity. For the model of hydrofoil craft, the output quantity needs to be taken as one of the performance indexes to form a linear quadratic state feedback regulator (LQRY). In document [22], it is also mentioned that LQRY has smaller overshoot and shorter regulation time.



It is found from the above documents that under-the-sea conditions with significant wave height less than 3 m, the heaving displacement amplitude of the current best control method is about 0.5 m, and the pitch angle amplitude is about 4°, which can maintain the basic safety of navigation, but still cannot meet the requirements of stability. Therefore, this article will use LQRY-SMC joint control to reduce the heave displacement and pitch angle of the hydrofoil craft, which can enhance the robustness of the system, greatly reduce the longitudinal motion amplitude and maintain the longitudinal motion stability.



The structure of this article is as follows: In Section 2, the disturbance force and moment of the submerged hydrofoil boat and irregular waves are modeled. Section 3 introduces the control methods used in this article and the algorithm improvement for LQRY optimization. In Section 4, the software is used to establish the simulation model and get the corresponding data for comparison. Finally, Section 5 summarizes the research work of this article. The flow chart of this article is shown in Figure 1.




2. Mathematical Model of Longitudinal Motion


2.1. Construction of Longitudinal Model of Hydrofoil Craft


Hydrofoil craft is composed of four parts: hull, hydrofoil, propulsion system and control system. This article is based on PCH-1 made in the United States [23,24]. It is a fully submersible seaplane designed by the United States, which is suitable for marine conditions and meets military standards. The duckbill configuration is adopted and a control flap is used to control the heave of the fully submerged hydrofoil craft. A hydrofoil with a larger aspect ratio is used as the rear hydrofoil to provide more lift. The control flap is connected to it to control the pitch and heave attitude together with the front flap. The three views of the hydrofoil craft model and the hydrofoil-flap assembly drawing used are shown in Figure 2 and Figure 3 respectively.



In order to comprehensively study the motion of a ship, it is necessary to establish a fixed coordinate system and a moving coordinate system [25]. The coordinate system fixed on the earth is also called the fixed coordinate system, and O is the origin of the coordinate system fixed on the earth’s surface. The X-axis is in the still water plane, and it can usually be selected as the general motion direction of the ship. The Y-axis is selected as the direction in which the X-axis rotates clockwise in the hydrostatic plane. The Z-axis is perpendicular to the hydrostatic plane and points to the earth center. The coordinate system fixed to the ship is also called the moving coordinate system. The origin G of the coordinate system is usually taken at the center of gravity of the ship and moves with the ship. The x-axis is taken as the longitudinal section perpendicular to the midship and pointing to the bow. The y-axis is perpendicular to the midship cross section and points to the right chord. The z-axis is perpendicular to the waterline plane and points to the keel. In ship motion, there are usually six degrees of freedom, of which three degrees of freedom are longitudinal motions, namely, surge, pitch and heave. This article mainly studies pitch and heave, and does not consider surge. As shown in Figure 4, it is the coordinate system of fully submerged hydrofoil craft.



Because of the irregularity of the hull shape and the randomness of the sea state, the hydrofoil craft is assumed to move in an infinite uniform flow field. The mathematical expressions of heave and pitch are as follows [26]:


   {      m (  h ¨  +  U e   θ ˙  ) =  Z f  +  Z c  +  Z w         I  y y    θ ¨  =  M f  +  M c  +  M w         



(1)




where m is the mass of the hydrofoil craft, h is the heave displacement, Ue is the ship speed, θ is the pitch angle, Zf, Mf is the lift and moment of the hydrofoil, Zc, Mc is the control force and control moment, and Zw, Mw is the disturbance force and disturbance moment of the sea wave. The expansion of formula (1) can be written as follows:


   {      m (  h ¨  +  U e   θ ˙  ) =   ∑  i = 1  2   (  F  f i   +  F  f p i   ) + m g cos θ +  Z w           I  y y    θ ¨  = −   ∑  i = 1  2   (  x  f i   −  x G  ) (  F  f i   +  F  f p i   ) +  M w           



(2)




where Ffi is the force generated by the hydrofoil, Iyy is the moment of inertia of the hull, and xfi, xG is the distance from the hydrofoil and the center of gravity to the center of the ship. The symbol of xfi, xG is determined by the position of the relative stress action point in the ship. The “+” sign is taken before and “−” sign is taken after. When i = 1, it is related to the front wing, and i = 2, it is related to the rear wing.



Then rewrite the above formula into the following form to obtain:


   {      Z (  h ¨  ,  h ˙  , h ,  θ ¨  ,  θ ˙  , θ ) = m (  h ¨  +  U e   θ ˙  ) −   ∑  i = 1  2   (  F  f i   +  F  f p i   ) − m g cos θ −  Z w  = 0         M (  h ¨  ,  h ˙  , h ,  θ ¨  ,  θ ˙  , θ ) =  I  y y    θ ¨  +   ∑  i = 1  2   (  x  f i   −  x G  ) (  F  f i   +  F  f p i   ) −  M w  = 0          



(3)







Linearize the left end of the equation and substitute the parameters of PCH hydrofoil craft to obtain:


   {       Z  h ¨    h ¨  +  Z  h ˙    h ˙  +  Z h  h +  Z  θ ¨    θ ¨  +  Z  θ ˙    θ ˙  +  Z θ  θ = −  Z δ       e     δ e  −  Z δ    f   δ f  −  Z w         M  h ¨    h ¨  +  M  h ˙    h ˙  +  M h  h +  M  θ ¨    θ ¨  +  M  θ ˙    θ ˙  +  M θ  θ = −  M δ       e     δ e  −  M δ    f   δ f  −  M w         



(4)






   {       h ¨  + 6.06 h + 0.338 h + 3.41  θ ¨  + 42.4  θ ˙  + 454 θ = − 51.5  δ e  − 62.9  δ f  −  Z w        0.016  h ¨  + 0.069  h ˙  +  θ ¨  + 8.45  θ ˙  + 0.654 θ = 4.58  δ e  − 1.88  δ f  −  M w         



(5)







In modern control theory, state feedback and matrix operation are adopted to convert the above differential equation into the form of state equation, so the continuous state equation of longitudinal motion is:


   [      h ¨       θ ¨      ]  =  [      − 0.6079     − 6.412     − 478.024     − 14.3747       0.0791     0.1033     7.0452     − 8.2187      ]   [        h      h ˙            θ      θ ˙         ]  +  [      − 71.016     − 59.7706       5.7234     − 0.9177      ]   [       δ e         δ f       ]  +  [      1.0577     − 3.6069       0.017     1.0577      ]   [       Z w         M w       ]   



(6)








2.2. Force analysis of Hydrofoil


The hydrofoil installed at the bottom is the biggest difference between hydrofoil crafts and other ships, which is the key to ensure its stable navigation. When traveling at a certain speed, the pressure difference caused by the flow velocity difference between the upper and lower hydrofoil plates will generate buoyancy, which will make the hull come completely out of the water, reduce the resistance, improve the speed, and provide better stability. The plane geometric structure and wing section structure of the hydrofoil are shown in Figure 5 and Figure 6.



In Figure 5, where b is the wingspan, lr is the tip chord, lt is the root chord, the average chord length is l, and the aspect ratio is λ= b/l. In Figure 6, the section along the inflow direction is called the wing section. The foremost point LE on the wing section is the leading edge, and the rearmost point TE is the trailing edge. AB is the maximum thickness of the wing section and the distance from AB to the leading edge is xc. The longest line segment CD is the maximum camber, and the distance from CD to the leading edge is xf.



Next, the force analysis is carried out. The characteristic that the hydrofoil can generate lift is also called the hydrodynamic characteristic. The complete force analysis of the hydrofoil during the navigation of the hydrofoil craft is shown in Figure 7 [27].



In the figure, F is the resultant force of the hydrofoil, Fl is the lift of the hydrofoil, and Fd is the resistance of the hydrofoil. δ is the angle between the resultant force and the vertical line of the water surface, θ is the angle between the hydrofoil plane and the horizontal direction, β is the angle between the lift force and the resultant force, γ is the angle between the lift and the vertical water surface line. Lift, drag and lift drag ratio can be expressed as follows:


   F l  =  1 2   C L  ρ  U e    2  S  



(7)






   F d  =  1 2   C D  ρ  U e    2  S  



(8)






  K =    F l     F d    =    C L     C D     



(9)




where ρ is the sea water density, Ue is the ship speed, and S = l·b is the area of the hydrofoil. Among them, the lift drag ratio K is one of the important parameters reflecting the performance of the hydrofoil, and it is the ratio of the lift coefficient and the drag coefficient. The lift coefficient can be obtained by two methods of test or calculation according to the hydrofoil theory. Generally, it is assumed that the thickness, camber and angle of attack of the airfoil section are small and the airfoil is deep from the water surface. The formula is as follows:


   C L  = 2 π ( α +   2 f  l  )  



(10)




where α is the attack angle of the hydrofoil and f is the camber. When the camber coefficient of the thin wing of the plate is approximately 0, the lift coefficient is obtained CL = 2πα.



The flap is the part that provides stable control force for the longitudinal movement of the hydrofoil craft. The control force formula generated by the flap is as follows:


   F f  =  1 2   C  L f   ρ  U e    2   S f   α f   



(11)




where, Sf is the area of the flap, αf is the angle of attack of the flap, CLf is the lift coefficient of the flap, and its calculation method is similar to that of the hydrofoil. However, due to the limitation of the mechanical structure, the lift coefficient of the flap is linear within a certain angle, so the flap servo system needs to set the maximum angle to ensure the appropriate control force of the hydrofoil craft.



Since the waves have great randomness and complexity in time and space, they can be considered to be formed by the superposition of multiple regular waves with different wavelengths, frequencies, wave amplitudes, phases and propagation directions, and then the disturbance force and moment are analyzed. The irregular wave model is as follows:


  ξ =   ∑  i = 1  n    A i  cos (  ω  e i   t +  ε i  +  ψ i  )    



(12)




where n = 50, εi is the ith phase randomly generated on [0, 20], and the formula of wave amplitude Ai and encounter frequency ωei is as follows:


   A i  =   ( 2 S (  ω i  ) △ ω )    1 2     



(13)






   ω  e i   = (   2 π    λ i    ) (  U R  cos χ − c )  



(14)






   ψ i  = (   2 π    λ i    ) ( x cos χ + y sin χ )  



(15)






   ω i  =   2 π c    λ i     



(16)




where, S(ωi) is the P-M spectrum, λi is the wavelength, c is the wave velocity, χ is the encounter angle, and ωi is the actual frequency. In this article, the P-M spectrum used in the research of ship hull, which is currently popular internationally, is used for analysis. The spectral density function is as follows [28].


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



(17)







A = 8.1 × 10−3 g2, B = 3.11/H1/32, H1/3 is significant wave height, and Figure 8 is the curve under different significant wave heights.



After analysis and collation, it is concluded that the forces and moments generated by irregular waves on the hydrofoil are:


   Z 2  =   ∑  i = 1  n    F  z i   cos (  ω  e i   t +  ϕ  z i   +  ε i  )    



(18)






   M 2  =   ∑  i = 1  n    M  e i   cos (  ω  e i   t +  ϕ  M i   +  ε i  )    



(19)




where:


   F  z i   =   2 π  U R   A i  c  /   λ i   e    − 2 π z  /   λ i          [   (  K b  cos  ψ  b i   +  K f  cos  ψ  f i   )  2  +   (  K b  sin  ψ  b i   +  K f  sin  ψ  f i   )  2  ]    1 2     



(20)






   K b  = (  1 / 2  ) ρ  U R    2   A  f b      (    ∂  C L   /  ∂ α    )   b   



(21)






   ψ  b i   = (   2 π  X b   /   λ i    ) cos χ  



(22)






   K f  = (  1 / 2  ) ρ  U R    2   A  f f      (    ∂  C L   /  ∂ α    )   f   



(23)






   ψ  f i   = ( −   2 π  /   λ i    ) (  L s  −  X b  ) cos χ  



(24)






   ϕ  z i   = arctan ( −    K b  cos  ψ  b i   +  K f  cos  ψ  f i      K b  sin  ψ  b i   +  K f  sin  ψ  f i     )  



(25)






     M  e i     =   2 π  U R   A i  c  /   λ i   e    − 2 π z  /   λ i        [   ( −  X b   K b  cos  ψ  b i   + (  L s  −  X b  )  K f  cos  ψ  f i   )  2       +   ( −  X b   K b  sin  ψ  b i   + (  L s  −  X b  )  K f  sin  ψ  f i   )  2   ]   1 2       



(26)






   ϕ  M i   = arctan [ −   −  X b   K b  cos  ψ  b i   + (  L s  −  X b  )  K f  cos  ψ  f i     −  X b   K b  sin  ψ  b i   + (  L s  −  X b  )  K f  sin  ψ  f i     ]  



(27)




where, Xb is the distance from the center of gravity of the hull to the front hydrofoil, and Ls is the distance between the front and rear hydrofoils. It should be noted that when the encounter frequency ωei is negative, the minus sign before Equations (25) and (27) should be removed to calculate φzi and φMi.





3. Design of Longitudinal Motion Controller of Hydrofoil Based on LQR/LQRY-SMC


The control system has a very important role in the stable navigation of the hydrofoil craft, and is also the focus of this article. According to the changes of the sea conditions, the flap angle is adjusted to generate the required restoring force and restoring moment, reduce the longitudinal motion of the full-submerged hydrofoil craft, and realize the stabilization of the longitudinal motion attitude of the full-submerged hydrofoil craft. Generally, a closed loop is composed of the controlled object (hull), sensor, controller and actuator. The state observer is used to obtain the required state value. The controller gives the flap-command angle signal according to the attitude angle and displacement to reduce the deviation between the actual value and the expected value. The actuator is mainly composed of the servo system, the flap-mechanical structure and the flap-angle feedback measurement device. Figure 9 is a block diagram of the control system.



The joint control in this article first needs to analyze the LQR control part. This method is easy to realize, and the optimal control law of state-linear feedback can be obtained. At the same time, the original system can achieve a better performance index with low cost. The performance index function J(u) needs to be defined to have a minimum value.


  J ( u ) =  1 2   x T  ( T ) S ( T ) x ( t ) +  1 2     ∫ 0 T   (  x T  ( t ) Q ( t ) x ( t ) +  u T  ( t ) R ( t ) u ( t ) )    d t  



(28)







The Q and R matrices are used to adjust the input variables and state variables of the cost function to find the optimal value. If not only the influence of system state x(t) and control quantity u(t) is considered, but also the output quantity y(t) is introduced, it can be called LQ optimal control based on output regulation, also called LQRY control.


  J ( u ) =  1 2   x T  ( T ) S ( T ) x ( t ) +  1 2     ∫ 0 T   (  x T  ( t ) Q ( t ) x ( t ) +  u T  ( t ) R ( t ) u ( t ) +  y T  ( t ) F ( t ) y ( t ) )    d t  



(29)







The optimal feedback gain matrix of LQR/LQRY can be expressed as:


  u ( t ) = −  R  − 1    B T  P x ( t )  



(30)






  K = −  R  − 1    B T  P  



(31)




where P is the solution of Riccati equation, the equation is as follows:


  P A +  A T  P + Q − P B  R  − 1    B T  P = 0  



(32)






  P A +  A T  P + Q +  C T  F C − P B  R  − 1    B T  P = 0  



(33)







The above control mode can also use some optimization algorithms to further reduce the longitudinal motion of the hydrofoil craft. In this article, the genetic algorithm is used to select the appropriate fitness function to optimize the Q and R matrix [29]. The process diagram is shown in Figure 10.



Then analyze the sliding mode control part, let a system be:    x ˙  = f ( x ) , x ∈  R n   , there is a plane   s ( x ) = s (  x 1  ,  x 2  , … ,  x n  ) = 0  , as shown in Figure 11.



As can be seen from the figure, this plane divides the state space into two parts. Once the moving point in the state space enters the plane range during the movement, there are three different states, namely, the normal point A, the starting point B and the ending point C. In order to keep the system stable, it is desirable that the motion point in the plane range be the termination point, because other motion points in the state space will become the constant motion of the termination point in the region when they enter the plane range, so this region is called the sliding-mode region. From the sliding-mode analysis, it needs to meet the following requirements:     lim s  s ˙    s → 0   ≤ 0  .



According to formula (6), the hydrofoil craft can be regarded as the following second-order uncertain nonlinear dynamic system:


   {      x ˙  1  =  x 2        x ˙  2  = f ( x ) + g ( x ) + b ( x ) u      



(34)







f(x), g(x) and b(x) can be determined by formula (6) to obtain:


  f ( x ) =  [      − 0.6079     − 478.024     − 6.4120     − 14.3747       0.0791     7.0452     0.1033     − 8.2187      ]   [     h      h ˙      θ      θ ˙      ]   



(35)






  b ( x ) =  [      − 71.016     − 59.7706       5.7234     − 0.9177      ]   



(36)






  g ( x ) =  [      1.0577     − 3.6069       0.017     1.0577      ]   [       Z w         M w       ]   



(37)







According to the characteristics of the fully submerged hydrofoil craft, the sliding-mode function selected by the sliding mode variable structure control part in this article is as follows:


  s =  x 1  +  1 β   x 2      p / q     



(38)




where β > 0, p > q, p and q are positive odd numbers. The sliding-mode controller designed according to the linearization feedback theory is:


  u = −  b  − 1   ( x )  (  f ( x ) + β  q p   x 2     2 − p / q   + 0.1 sgn ( s )  )   



(39)







Its stability is proved as follows:


     s ˙  =   x ˙  1  +  p  β q    x 2      p /  q − 1       x ˙  2          =  x 2  +  p  β q    x 2      p /  q − 1     [ f ( x ) + g ( x ) + b ( x ) u ]         =  p  β q    x 2      p /  q − 1     ( g ( x ) − 0.1 sgn ( s ) )    



(40)







Multiply both sides by s:


  s  s ˙  =  p  β q    x 2      p /  q − 1     ( s g ( x ) − 0.1  | s |  )  



(41)







Because   1 <  p / q  < 2  , then   0 <  p / q  − 1 < 1  ,    x 2      p /  q − 1     > 0  , it can be proved that


  s  s ˙  ≤ −   0.1 p   β q    x 2      p /  q − 1      | s |   



(42)







Because   −   0.1 p  /  β q   *  x 2      p /  q − 1     ≤ 0  , then   s  s ˙  ≤ 0  , the controller satisfies the Lyapunov stability condition. In order to further enhance the control effect, it is considered to combine the above two control methods to form LQRY-SMC. The controller formula is as follows:


  u = − K x −  b  − 1   ( x )  (  f ( x ) + β  q p   x 2     2 − p / q   + 0.1 sgn ( s )  )   



(43)








4. Design of Longitudinal Motion Controller of Hydrofoil Based on LQR/LQRY-SMC


The simulation in this section firstly needs to substitute the disturbance force and disturbance moment under irregular wave waves with different parameters into the formula in Section 2.2, and then substitute the data results into the controller simulation as the external disturbance part. Under different wave heights, the LQRY and sliding-mode control alone and the LQRY-SMC using them together are simulated and the data diagram is obtained.



4.1. Simulation of Disturbance Force and Moment


In order to more intuitively show the disturbance effect of the hydrofoil craft by the sea waves, the ship model is used as a reference to simulate the disturbance force and moment of the ship under the action of random sea waves according to the above formula. The parameters of the hull model used are shown in Table 1. The disturbance force and moment curves of 180° encounter angle and 1.5 m, 2 m, 3 m significant wave heights of the turbulent flow will be given in the article, as shown in Figure 12, Figure 13 and Figure 14.



It can be seen from the figure that the disturbance force of the hydrofoil craft is basically stable at 104, and the disturbance moment is basically stable at 105. The data results obtained here provide preconditions for the following control system simulation.




4.2. Comparative Simulation of Optimized LQR and LQRY Simulation


After the data of disturbance force and moment are obtained, the control performance of LQR and LQRY will be compared in this section. After comparison, the method more suitable for the next joint control will be selected to obtain better performance. The parameter table of optimization algorithm simulation is shown in Table 2, and the results are shown in Figure 15.



As can be seen from Figure 14, the result shows that the optimal fitness is 6.072, Q = diag [999.8614 918.9989 116.3479 618.8724], R = diag [415.6694 427.8040], and the value of K is:


  K l q r =  [      − 1.1878     − 1.0902     5.8968     0.5587       − 0.9730     − 0.9119     0.9275     − 0.3399      ]  K l q r y =  [      − 1.1884     − 1.0908     5.8970     0.5590       − 0.9735     − 0.9125     0.9274     − 0.3403      ]   











The simulation results of the longitudinal motion model substituted into the hydrofoil craft are shown in Figure 16 and Table 3 below:



In the specific case selected, it can be found that the optimized LQRY algorithm is better than the LQR algorithm in all indicators, in which the maximum-heave displacement and pitch angle are reduced by 45.8% and 53.2%, so the optimized LQRY will be used in the joint control with the sliding-mode algorithm.




4.3. Comparative Simulation of LQRY, SMC and LQRY-SMC


After the superiority of LQRY is proved in the previous section, this section will verify the joint control and compare the heave displacement and pitch angle of LQRY and SMC alone. First of all, the control rate of the sliding mode control part shall be determined. It can be seen from Equation (39) that the parameter β, p, q shall be determined. In this article, β = diag [19.2 7.5], p = 7, q = 5.



In this section, in order to reflect the universality of joint control, to be applicable to a variety of complex sea conditions and to be more stable, the case of 180° encounter angle and 1.5 m, 2 m, 3 m significant wave heights of the turbulent flow are selected in the simulation. The simulation results are shown in Figure 17, Figure 18 and Figure 19, and the numerical values are arranged in Table 4.



It can be seen from the simulation curves from Figure 17 to Figure 19 that when the significant wave height is 3 m, the sliding-mode control is greatly affected by the high sea conditions and cannot effectively suppress the longitudinal attitude movement of the hydrofoil craft. Although LQRY control can reduce the longitudinal motion, the index still stays at a large value. After combining the two, it can be seen that the maximum absolute value of the heave displacement curve is about 0.2 m, and the maximum absolute value of the pitch angle curve is about 1.5°, which has a good control effect.



It can be seen from this Table 4 that the joint control of LQRY and SMC is better than each individual control algorithm, and its maximum value and standard deviation are greatly reduced. It is suitable for various significant wave heights of hydrofoil crafts, especially in high sea conditions. Compared with LQRY and SMC alone, the maximum heave displacement and pitch angle are reduced by 48.7% and 58.0% respectively, and 55.3% and 61.6% respectively. Therefore, the controller designed in this article can effectively offset the wave interference, and the amplitude of pitch angle and heave displacement is significantly reduced, which basically meets the requirements of stability and comfort.



Through the research on the control system in this article, we propose the following suggestions: hydrofoil craft can basically reach a stable state in the low speed state of entering and leaving the port, or under the conditions of good sea conditions. As shown in Figure 20, when the significant wave height is 0.5 m, the maximum heave displacement is about 0.2 m, and the maximum pitch angle does not exceed 1.5°, then it is unnecessary to use the control system during navigation, and energy can be saved. Under high sea conditions or severe weather conditions, the control system of hydrofoil craft will gradually saturate, thus losing stability and causing severe shaking. As shown in Figure 21, when the significant wave height is 5 m, the control system can still work normally at first, but the heave displacement can reach more than 2 m, and the pitch angle can reach 10°. Therefore, we suggest that the hydrofoil craft reduce its speed or not go to sea in this case.





5. Conclusions


In this article, a control method of LQRY-SMC is proposed to reduce the heave displacement and pitch angle in the longitudinal motion of the fully submerged hydrofoil craft. Firstly, the longitudinal-motion mathematical model of the hydrofoil craft is established and the force of the hydrofoil is analyzed. Then the hull and hydrofoil structure are analyzed. The simulation results of the disturbance force and moment of the craft in the irregular wave environment are obtained. In the LQRY control part, the genetic algorithm is used to optimize the controller parameters. After simulation and verification, the joint control method’s heave displacement and pitch angle are smaller than LQRY and sliding mode control under different sea conditions, which further reduces the longitudinal motion and makes the hull more stable, and improves the comfort of hydrofoil crafts in sea navigation. Therefore, it has some enlightening effects on practical engineering applications.
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Figure 1. The flow chart of this article. 
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Figure 2. Three views of hydrofoil. 
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Figure 3. Hydrofoil-flap assembly drawing. 
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Figure 4. Definition of hydrofoil coordinate system. 
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Figure 5. Plane geometry of hydrofoil. 
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Figure 6. Wing section structure drawing. 
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Figure 7. Force analysis of hydrofoil. 






Figure 7. Force analysis of hydrofoil.



[image: Jmse 10 01390 g007]







[image: Jmse 10 01390 g008 550] 





Figure 8. P-M spectra with different significant wave heights. 
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Figure 9. Structure diagram of control system. 
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Figure 10. Schematic diagram of genetic algorithm. 
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Figure 11. Sliding surface. 
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Figure 12. Disturbance force and moment curve (significant wave height 1.5 m). 
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Figure 13. Disturbance force and moment curve (significant wave height 2 m). 
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Figure 14. Disturbance force and moment curve (significant wave height 3 m). 
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Figure 15. Result graph of LQRY optimized by genetic algorithm. 
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Figure 16. Heave displacement and pitch angle of uncontrolled, LQR, LQRY. 






Figure 16. Heave displacement and pitch angle of uncontrolled, LQR, LQRY.



[image: Jmse 10 01390 g016]







[image: Jmse 10 01390 g017 550] 





Figure 17. Heave displacement and pitch angle of LQRY, SMC, LQRY-SMC (significant wave height 1.5 m). 
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Figure 18. Heave displacement and pitch angle of LQRY, SMC, LQRY-SMC (significant wave height 2 m). 
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Figure 19. Heave displacement and pitch angle of LQRY, SMC, LQRY-SMC (significant wave height 3 m). 
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Figure 20. Heave displacement and pitch angle without control (significant wave height 0.5 m). 
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Figure 21. Heave displacement and pitch angle of LQRY-SMC (significant wave height 5 m). 
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Table 1. Hydrofoil craft parameters.
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	Parameter
	Symbolic Representation
	Value
	Unit





	Craft weight
	m
	26,200
	kg



	Craft speed
	Ue
	35
	kn



	Average immersion depth
	Z
	1.52
	m



	Front hydrofoil area
	Afb
	6.08
	m2



	Rear hydrofoil area
	Aff
	13.90
	m2



	Distance from front hydrofoil to center of gravity
	Xb
	12.68
	m



	Distance between two hydrofoils
	Ls
	17.86
	m
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Table 2. Genetic algorithm parameters.
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	Parameter
	Value





	Initial population size
	100



	Number of elite individuals
	10



	Cross offspring ratio
	0.75



	Lower limit
	[0.1 0.1 0.1 0.1 0.1 0.1]



	Upper limit
	[1000 1000 1000 1000 500 500]



	Evolutionary algebra
	30



	Fitness function deviation
	1e−100
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Table 3. Comparison results of uncontrolled, LQR, LQRY.
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	Control Method
	hmax
	E(h)
	STD(h)
	θmax
	E(θ)
	STD(θ)





	Uncontrolled
	3.3372
	0.0036
	1.2489
	12.1330
	0.0049
	4.0937



	LQR
	0.8865
	−0.0064
	0.3535
	4.6508
	0.0236
	1.8429



	LQRY
	0.4801
	−0.0035
	0.1930
	2.1788
	0.0113
	0.8784










[image: Table] 





Table 4. Comparison results of LQRY, SMC, LQRY-SMC.
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Wave Height

	
Control Method

	
hmax

	
E(h)

	
STD(h)

	
θmax

	
E(θ)

	
STD(θ)






	
1.5 m

	
LQRY

	
0.2625

	
1.9601 × 10−5

	
0.0814

	
1.6591

	
3.5457 × 10−4

	
0.5508




	
SMC

	
0.2219

	
−0.0057

	
0.0611

	
1.3888

	
0.0355

	
0.3792




	
LQRY-SMC

	
0.1429

	
−3.2011 × 10−4

	
0.0438

	
0.4515

	
9.4201 × 10−4

	
0.1386




	
2 m

	
LQRY

	
0.4552

	
8.6007 × 10−4

	
0.1221

	
2.4925

	
−8.4116 × 10−4

	
0.7204




	
SMC

	
0.4506

	
0.0538

	
0.0949

	
2.8112

	
−0.3344

	
0.5907




	
LQRY-SMC

	
0.2453

	
9.2481 × 10−4

	
0.0644

	
0.9975

	
−0.0019

	
0.2132




	
3 m

	
LQRY

	
0.4801

	
−0.0035

	
0.1930

	
3.3249

	
0.0113

	
0.8784




	
SMC

	
0.5864

	
−0.0242

	
0.1673

	
3.8698

	
0.1399

	
1.0303




	
LQRY-SMC

	
0.2462

	
−0.0026

	
0.0942

	
1.4875

	
0.0053

	
0.3173
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