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Abstract

:

In this paper, we propose a general control method via the intelligent algorithm for a planar R-type underactuated robot. This control method solves the unified control problem of R-type underactuated manipulator. Meanwhile, the proposed method is also applicable to cases of nonzero initial velocity and interference rejection. Our total control program includes two stages. In the first stage, we design the trajectory based on the states of the actuated link, and then the controller is designed to track the planned trajectory to realize the objective of the actuated link. In the second stage, the trajectory with adjustable parameters is planned for the actuated link. Then, the adjustable parameters are calculated by the intelligent algorithm based on the underactuated constraints. Subsequently, the controller is designed to track the second trajectory to realize the objective of the actuated manipulator and the underactuated manipulator. Finally, the performance of the proposed method is verified through simulations.
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1. Introduction


With the rapid development of robot technology, various types of robots are being widely used in various fields. There are many kinds of robots, such as industrial robots [1,2], medical robots [3], handling robots [4], and so on. Most of these robots are fully actuated robots. When a joint of the robot is damaged, the actuated robot becomes an underactuated system. Underactuated systems are one typical kind of nonlinear systems, whose number of the control inputs is less than the degrees of freedom of the system motion space [5,6,7]. Such systems are widespread in daily life and include crane [8,9], quadrotor [10,11], helicopter [12,13], unmanned ship [14,15], soft robot [16,17], and underactuated robot [18,19], among others. The study and development of the underactuated systems have been receiving more attention due to their outstanding features of lightweight quality, moderate price, and high work efficiency [20,21,22]. Therefore, many experts and scholars have concentrated on the control problems of the underactuated systems [23,24,25]. Moreover, the underactuated systems are frequently applied in aerospace [26] and deep-water exploration [27]. One of typical underactuated systems is the planar underactuated robot [28,29,30]. Usually, the problem with these systems is achieving stable control. For an underactuated robot, the linear approximation model at every equilibrium point in motion space is not directly controllable [31,32,33]. Therefore, it is very challenging to achieve the control of underactuated systems [34,35,36].



Among the underactuated systems, planar nR (  n > 3  ) underactuated robots with multiple degrees of freedom have different nonholonomic constraints. For the system with a passive first joint, Wang [37] proposes a control method via iterative correction steering to achieve its stable control, and Wang [38] has developed a method to realize the control objective of this system via model reduction and intelligent optimization algorithm. For the system with a passive second joint, Xiong [39] presents a control method based on the energy attenuation to achieve its control objective, whose control program is divided into three stages. For the system with a passive third joint, Liu [40] presents a position control method based on model reduction. For the planar nR underactuated robot with a passive last joint, Wu [41] presents a stable control method based on bidirectional trajectory planning to achieve its stable control, and Huang [42] proposes a control approach to solve the problem of the position control of this system.



The planar 3R underactuated robots have different situations. The first situation is the system with a passive first joint, which has the first nonholonomic characteristic. Lai [43] presents a continuous state feedback control method to realize its control objective, and Gao [44] solves the control problem of this system by using the hybrid control method and particle swarm optimization. The second situation is the system with a passive middle joint, which has the second nonholonomic characteristic. Huang [45] presents a control method based on model reduction to achieve its stable control, and Huang [46] proposes a phased control method based on the structural characteristics of this system. The third situation is the system with a passive last joint. Arai [47] proposes a position control method by using motion planning.



The planar 2R underactuated robots have two situations based on the different location of the passive joint. The first one is planar Acrobot [48]. Lai presents a stable control method based on its holonomic constraint [49]. The other one is the planar 2R underactuated manipulator [50]. The intelligent optimization method [51] and double integrator method [52] have been developed to achieve its stable control.



There are several control strategies for the planar nR underactuated robot, which center on the structural characteristics and the controllability of the planar 2R underactuated robots. For the system with the passive last joint, the original system is reduced to a planar virtual Pendubot [42], and the iterative steering method is designed to stabilize the whole system. For the planar 4R underactuated robot, Lai [53] divides the original system into three planar virtual Acrobot-like systems to achieve the stable control of the original system. For the planar 3R underactuated robot with the passive first joint, Lai [54] presents a switch control strategy by utilizing the planar Acrobot and its holonomic constraints. For the planar 3R underactuated robot with the passive middle joint, Huang [46] proposes a control method by using the characteristics of the virtual Pendubot and the virtual Acrobot.



According to analyses, the current control methods of the planar R-type underactuated robots are only suitable for these special systems. However, there are three aspects that are not considered in the existing methods: (1) the methods are unsuitable in some cases, mainly because each system has different characteristics; (2) the case in which the beginning velocity is nonzero is rarely considered; and (3) the disturbances are typically not taken into account.



Hence, we present a general control method for the planar R-type underactuated robot, which can be applied to the stable control of the planar underactuated system in a weightless environment such as space and deep sea. The control program for the actuated link includes two stages. In the first stage, we design the trajectory from the states of the actuated link and establish the controller to span the planned trajectory to realize the stable control of the actuated link. In the second stage, the trajectory with adjustable parameters is planned for the actuated link. Meanwhile, the adjustable parameters are calculated with a differential evolution algorithm [55,56] and the underactuated constraints. Then, the controller spans the planned trajectory to realize the objectives of the actuated link and underactuated link. The proposed methods were employed for a planar 2R underactuated robot, and the performance was verified through simulations.



The significant contributions of this work are follows:




	(1)

	
A general control method is proposed for a planar 2R underactuated robot.




	(2)

	
This general control method can realize stable control when the initial velocity is nonzero for the planar 2R underactuated robot.




	(3)

	
The proposed method improves the interference immunity of the planar R-type underactuated robot.




	(4)

	
The proposed control method for the planar 2R underactuated robot may be widely applied to the other planar R-type underactuated robots with different degrees of freedom.










2. Preparations


Firstly, we provide the model description of R-type underactuated robot and analyze the control characteristics.



2.1. Model


For the structure of the planar R-type full actuated robot with 2 degrees of freedom (which is also called the planar RR robot), see Figure 1. The links’ parameters are as follows: angle,   q i     ( i = 1 , 2 )  ; mass,   m i  ; length,   L i  ; distance from its joint to the center of mass,   L  c i   ; and moment of inertia,   J i  .



The dynamic model is


  M  ( q )   q ¨  + H  ( q ,  q ˙  )  = τ  



(1)




where   q =   [  q 1     q 2   ]  T   ,    q ˙  =   [   q ˙  1      q ˙  2   ]  T   , and    q ¨  =   [   q ¨  1      q ¨  2   ]  T    are the vector of the angle, angular velocity, and angular acceleration, respectively;   M  q  ∈  R  2 × 2     is the inertia matrix with the characteristic of the symmetric positive definite; and   H  ( q ,  q ˙  )  ∈  R  2 × 1     contains the Coriolis and centrifugal forces. The detailed expressions of M and H are available in [20].



Let   x =   [  x 1    x 2    x 3    x 4  ]  T  =   [  q 1    q 2     q ˙  1     q ˙  2  ]  T   , then the state space equation can be written as


   x ˙  = f  ( x )  + g  ( x )  τ  



(2)




where


  f  ( x )  =  [  f 1    f 2  ]  = −  M  − 1    ( q )  H  ( q ,  q ˙  )   



(3)




and


  g  ( x )  =       g 11   ( x )       g 12   ( x )         g 21   ( x )       g 22   ( x )       =  M  − 1    ( q )   



(4)







In the situation of the application, when one of the actuated joints of the system fails (which is marked   R ¯  ), the system will become an underactuated robot. Thus, on the basis of the failure joint location, the 2R underactuated robot is divided into 2 situations.



	Situation 1:

	
 Planar    R ¯  R   underactuated robot,   τ =    0 ,  τ 2    T   ; see Figure 2.




	Situation 2:

	
 Planar   R  R ¯    underactuated robot,   τ =     τ 1  , 0   T   ; see Figure 3.








2.2. Underactuated Constraint Analysis


In order to design a general control method, the control characteristics must first be discussed. The underactuated part of (1) is


   M  p 1     q ¨  1  +  M  p 2     q ¨  2  +  H p  = 0  



(5)




where   p  ( p = 1 , 2 )   indicates that the pth joint is the underactuated joint.



Based on (5), the motion states of the underactuated link can be calculated as follows:


         q ˙  p  = −  ∫ 0 T       ∑  r = 1 , r ≠ p  2     M  p r    q    q ¨  r   +  H p    M  p p     d t −   q ˙   p 0            q p  =  ∫ 0 T     q ˙  p  d t  −  q  p 0         



(6)




  r = 1 , 2   except that p,   q  p 0    and    q ˙   p 0    are the initial states of the underactuated link. Equation (6) gives the relationship between the underactuated link and actuated link.





3. Realization of the Objective of the Actuated Links


The first trajectory   T 1 d   is planned based on the states of the actuated link. Next, the controller is designed to track   T 1 d   to realize the objective of the actuated link.



3.1. The Trajectory of the First Part


The initial and final values of the trajectory should correspond to the initial and final angles of the actuated link. Only in this way can we achieve the control goal of driving the actuated link to move from the initial states to the target states. Thus, we designed the trajectory based on the initial angle and target angle for the actuated links.



The trajectory   T 1 d   is designed as


   T 1 d   t  =        q  r 0   +   q ¯  r     t  t 1   −  1  2 π   sin    2 π t   t 1      , 0 ≤ t ≤  t 1                              q  r d                       , t >  t 1         



(7)




where     q ¯  r  =  q  r d   −  q  r 0    .



The derivatives of   T 1 d   on time are


    T ˙   1  d   t  =          q ¯  r   t 1     1 − cos    2 π t   t 1      , 0 ≤ t ≤  t 1                          0             , t >  t 1        



(8)






    T ¨   1  d   t  =          q ¯  r   t 1 2     2 π sin    2 π t   t 1      , 0 ≤ t ≤  t 1                         0            , t >  t 1        



(9)







Equations (8) and (9) show that the actuated link can reach the target state by tracking the trajectory   T 1 d   when   t =  t 1   .




3.2. Tracking Controller Design


The sliding mode surface is designed as follows:


   S  1 r   =  μ  1 r    e  1 r   +   e ˙   1 r    



(10)




and


   e  1 r   =  q r  −  T 1 d  ,   e ˙   1 r   =   q r  ˙  −   T ˙  1 d   



(11)




where   μ  1 r    is the constant greater than zero.



The derivative of   S  1 r    is


    S ˙   1 r   =  μ  1 r     e ˙   1 r   +   e ¨   1 r   =  μ  1 r     e ˙   1 r   +  f  1 r   +  g  r r    τ  1 r   −     T ¨   1 d    



(12)







Let


    S ˙   1 r   = −  φ  1 r    S  1 r   −  ε  1 r   sgn  (  S  1 r   )   



(13)




where   φ  1 r    and   ε  1 r    are the positive coefficients.



The tracking controller is designed as follows:


   τ  1 r   =    −  φ  1 r    S  1 r   −  ε  1 r   sgn  (  S  1 r   )  −  μ  1 r     e ˙   1 r   −  f r  +     T ¨   1 d     /  g  r r     



(14)







The Lyapunov function   V 1   is constructed as follows:


   V 1  =  1 2   S  1 r  2   



(15)







The derivative of (15) is the following:


       V ˙  1   =  S  1 r     S ˙   1 r   = −  φ  1 r    S  1 r  2  −  ε  1 r     S  1 r    ≤ 0     



(16)







When     V ˙  1  ≡ 0   and    S  1 r   ≡ 0  , depend on LaSalle’s invariance theorem [57], we can acquire    e  1 r   → 0   and     e ˙   1 r   → 0  . Thus, the actuated link tracks   T 1 d   to reach its target states. However, the underactuated link rotates freely.





4. Realization of the Objective of the Underactuated Link


4.1. Trajectory Planning


According to (6), the second trajectory   T 2 d   for the actuated link is constructed as


      T 2 d   t  = P u l s e · A sin  ( w t )  +  q  r d       



(17)




where


  P u l s e =  1 2    tanh   ρ 1   − tanh   ρ 2      



(18)




and


   ρ 1  =   8 t − 8  t 1  − 4  t r    t r   ,     ρ 2  =   8 t − 8  t 2  + 4  t d    t d    



(19)




in which   t r   and   t d   are the fixed constant of the pulse function,   t ∈    t 1  ,  t 2     , and A and w are the adjustable parameters of   T 2 d  .



The derivatives of   T 2 d   on time are


        T ˙  2 d   t  = 4 θ A sin   w t   +  1 2  P l u s e A w cos   w t        



(20)






        T ¨  2 d   t  = 64   λ 2  −  λ 1   A sin   w t                        + 8 θ A w cos   w t   −  1 2  P u l s e A  w 2  sin   w t        



(21)




where


  θ =    1 −   tanh  2    ρ 1     t r   −   1 −   tanh  2    ρ 2     t d     



(22)




and


       λ 1  =   tanh   ρ 1     1 −   tanh  2    ρ 1       t r 2            λ 2  =   tanh   ρ 2     1 −   tanh  2    ρ 2       t d 2        



(23)







By tracking the trajectory, the actuated link can return from the target states to the target states within a period of time. Based on the derivation above,   T 2 d   is dependent on A, w and   t 2  . Therefore, the motion states of the actuated link can be changed by adjusting these three parameters, and the motion of the underactuated link can be adjusted indirectly.




4.2. Trajectory Parameter Solution Based on the Differential Evolution Algorithm


The evaluation function of the differential evolution algorithm is constructed as follows:


   h 1  = |   q p   (  t 2  )  −  q  p d    | +     q ˙  p   (  t 2  )     



(24)







The calculation program of the trajectory parameters are shown as Algorithm 1.



In Algorithm 1, we use the“if” condition to determine the trajectory parameters   A , w   and   t 2  . When the “if” condition is satisfied, the trajectory parameters are output. When the condition is not true, the parameters are updated through the selection, crossover, and mutation operations to recalculate   h 1  .



When the parameters are calculated by the differential evolution algorithm, the actuated link tracks   T 2 d   back to its target states, and the underactuated manipulator will be controlled to its target states simultaneously.





	Algorithm 1: Trajectory parameters calculation.



	[image: Applsci 13 05565 i001]







4.3. Tracking Controller Design


The sliding mode surface is constructed as


   S  2 r   =  μ  2 r    e  2 r   +   e ˙   2 r    



(25)




and


   e  2 r   =  q r  −  T 2 d  ,   e ˙   2 r   =   q r  ˙  −   T ˙  2 d   



(26)




where   μ  2 r    is the constant greater than zero.



The derivative of   S  2 r    is


    S ˙   2 r   =  μ  2 r     e ˙   2 r   +   e ¨   2 r   =  μ  2 r     e ˙   2 r   +  f r  +  g  r r    τ  2 r   −     T ¨   2 d    



(27)







Let


    S ˙   2 r   = −  φ  2 r    S  2 r   −  ε  2 r   sgn  (  S  2 r   )   



(28)




where   φ  2 r    and   ε  2 r    are the positive coefficients.



The tracking controller is designed as follows:


   τ  2 r   =    −  φ  2 r    S  2 r   −  ε  2 r   sgn  (  S  2 r   )  −  μ  2 r     e ˙   2 r   −  f r  +     T ¨   2 d     /  g  r r     



(29)







The Lyapunov function   V 2   is constructed as follows:


   V 2  =  1 2   S  2 r  2   



(30)







The derivative of (30) is the following:


       V ˙  2   =  S  2 r     S ˙   2 r   = −  φ  2 r    S  2 r  2  −  ε  2 r     S  2 r    ≤ 0     



(31)







When     V ˙  2  ≡ 0   and    S  2 r   ≡ 0   depend on the LaSalle’s invariance theorem, we can acquire    e  2 r   → 0   and     e ˙   2 r   → 0  . Thus, the actuated link tracks   T 2 d   to reach its target states. According to the above analysis, the underactuated linkage can converge to the target state at the same time.



By using the Lyapunov method, we can prove the convergence and stability of the control system via controllers (14) and (29). Under the action of controller (14), the states of the actuated link converge to its target states at   t 1  . Since the initial value of the second trajectory is also the target state, there will be no large disturbance and no influence on the system stability when the controller is switched to controller (29).





5. Simulations


In order to verify the effectiveness of the presented control method, simulations were run for the planar 2R underactuated robot using MATLAB/Simulink. Firstly, the parameters of planar    R ¯  R   underactuated robot were the same as those in [49]; see Table 1.



Secondly, we chose the same parameters of planar   R  R ¯    underactuated robot as those in [20], which is shown in Table 2.



The parameters of the differential evolution algorithm were set as    p c  = 0.7  ,    p m  = 0.3  ,   M a x g e n = 100  . We chose    t 1  = 1   s and    e 1  =  e 2  = 0.0001  . The parameters of the controllers (14) and (30) were    μ  1 r   =  μ  2 r   = 1.2  ,    φ  1 r   =  φ  2 r   = 1.0  . and    ε  1 r   =  ε  2 r   = 0.3  .



A simulation was carried out for the case of a zero initial velocity, a nonzero initial velocity, and a disturbance rejection, respectively, to verify the effectiveness of the proposed method.



5.1. Situation I: Zero Initial Velocity


Case A: planar    R ¯  R   underactuated robot



In order to verify the effectiveness of our control method, we chose the same structural parameters and motion states of the system as those in [49]. The motion states of the system were as follows:


         q 10  ,  q 20  ,   q ˙  10  ,   q ˙  20    =   0 , 0 , 0 , 0            q  1 d   ,  q  2 d   ,   q ˙   1 d   ,   q ˙   2 d     =   − 1.999 , 14.106 , 0 , 0        



(32)







The suitable parameters were obtained as follows:


      A = 6.7454   rad       w = 2.9850    rad / s         t 2  = 2.1127   s      



(33)







In Figure 4, when   t = 3.1127   s, the states of all links converge to their target values, the torque converges to zero, and the system is stabilized at the target states. The control time of [49] is more than 6 s. By comparison, our method can ensure that the system converges to the target position more quickly.



Case B: planar   R  R ¯    underactuated robot



In order to verify our control method, we chose the same structural parameters and motion states of the system as those in [20]. The motion states of the system were as follows:


         q 10  ,  q 20  ,   q ˙  10  ,   q ˙  20    =   2.80 , 1.90 , 0 , 0            q  1 d   ,  q  2 d   ,   q ˙   1 d   ,   q ˙   2 d     =   2.01 , 0.94 , 0 , 0        



(34)







The parameters of trajectory were obtained as follows:


      A = 1.0278   rad       w = 1.1459    rad / s         t 2  = 5.4731   s      



(35)







In Figure 5, when   t = 6.4731   s, the angle of each link moves to the target angle, the angular velocity converges to zero, and the torque converges to zero. The system is stabilized at the target states. The control time of proposed method is shorter than that in [20]. The above results prove that our method can achieve the control goal faster.




5.2. Situation II: Nonzero Initial Velocity


Case A: planar    R ¯  R   underactuated robot



Considering the nonzero beginning velocity, we selected the same parameters as those in [49] and applied a nonzero beginning velocity    q ˙  10   on the underactuated link, given by the following:


    q ˙  10  = 0.02   rad / s   



(36)







The parameters of trajectory were obtained as follows:


      A = 5.6474    rad       w = 0.7219     rad / s         t 2  = 4.5666    s      



(37)







On the basis of Case A in Situation I, the initial velocity of the passive joint was set to 0.02 rad/s. In Figure 6, when   t = 5.5666   s, the states of all links converge to their target values, the torque converges to zero, and the system is stabilized at the target states. The system is stabilized at the given position. These results prove that this method can also ensure the system converges to the target position quickly, even if the passive joint has a nonzero initial velocity.



Case B: planar   R  R ¯    underactuated robot



Considering the nonzero initial velocity, we selected the same parameters as those in [20] and applied a nonzero beginning velocity    q ˙  20   on the underactuated link, given by the following:


    q ˙  20  = 0.001   rad / s   



(38)







The parameters of trajectory were obtained as follows:


      A = 1.0462    rad       w = 1.0486     rad / s         t 2  = 5.7831    s      



(39)







The initial velocity of the passive joint was     q ˙  20  = 0.001   rad/s in this situation. In Figure 7, when   t = 6.7831   s, the angle of each link moves to the target angle, the angular velocity converges to zero, and the torque converges to zero. The planar   R  R ¯    underactuated robot is stabilized at the given states. These simulation results prove that the proposed method can solve the stable control problem of this system with a nonzero initial velocity.




5.3. Situation III: Disturbance Rejection


Case A: planar    R ¯  R   underactuated robot



In order to verify if our control method can overcome the disturbance of the actuated link, we chose the same parameters as those in [49], and a disturbance   d 1   was obtained as follows


   d 1  = 0.01  



(40)







The parameters of trajectory were obtained as follows:


      A = 5.3661   rad       w = 3.9764    rad / s         t 2  = 1.5737   s      



(41)







In Figure 8, when   t = 2.5737   s, the states of all links converge to their target values, the torque converges to zero, and the system is stabilized at the target states. The system is stabilized at the given position. In the case of disturbance, our method still achieves the control goal, which proves the robustness of this method.



Case B: planar   R  R ¯    underactuated robot



In order to verify if our control method can overcome the disturbance of the actuated link, we chose the same parameters as those in [20] and applied a disturbance   d 2   on the actuated link, given by the following:


   d 2  = 0.01  



(42)




The parameters of trajectory were obtained as follows:


      A = 1.0562   rad       w = 1.0750    rad / s         t 2  = 6.0382   s      



(43)







We added a disturbance rejection in this simulation. In Figure 9, when   t = 7.0382   s, the angle of each link moves to the target angle, the angular velocity converges to zero, and the torque converges to zero. The system is stabilized at the given states. The above analysis indicates that our method can overcome disturbance rejection and improve the anti-interference ability of the system.



From the above simulation results, it is evident that our method is effective for the attitude control of the planar 2R underactuated robot with one underactuated joint in different positions. In our study, we considered cases of small nonzero initial velocity and disturbance rejection. The simulation results showed that the proposed method is still effective in these two cases.





6. Conclusions


We proposed a general control method via the differential evolution algorithm for the planar R-type underactuated robot. The total control program included two stages. In the first stage, we designed the trajectory from the states of the actuated link, and the controller was designed to track the planned trajectory to realize the objective of the actuated link. In the second stage, the trajectory with adjustable parameters was planned for the actuated link. Moreover, the adjustable parameters were calculated using the intelligent algorithm based on the underactuated constraints. Then, the controller was designed to track the planned trajectory to realize the objective of the actuated link and underactuated link. Finally, the proposed method was employed for the planar R-type underactuated robot, and the performance was verified through simulations.



This paper proposes a unified control strategy of the R-type underactuated manipulator with different structures, which was found to be suitable for conditions of nonzero initial velocity and disturbance rejection.
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Figure 1. Structure of the planar R-type fully actuated robot. 
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Figure 2. Physical structure of the planar    R ¯  R   underactuated robot. 
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Figure 3. Physical structure of the planar   R  R ¯    underactuated robot. 
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Figure 4. Planar    R ¯  R   underactuated robot with the states (32). 
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Figure 5. Planar   R  R ¯    underactuated robot with the states (34). 
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Figure 6. Planar    R ¯  R   underactuated robot with the states (36). 
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Figure 7. Planar   R  R ¯    underactuated robot with the states (38). 
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Figure 8. Planar    R ¯  R   underactuated robot with the disturbance (40). 
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Figure 9. Planar   R  R ¯    underactuated robot with the disturbance (42). 
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Table 1. Parameters of the planar    R ¯  R   underactuated robot in [49].






Table 1. Parameters of the planar    R ¯  R   underactuated robot in [49].





	Link i
	   m i    (  kg  )
	   L i    (  m  )
	   l i    (  m  )
	   J i       ( kg ·   m  2  )   





	   i = 1   
	1.0
	1.0
	0.5
	0.0833



	   i = 2   
	1.0
	1.0
	0.5
	0.0833
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Table 2. Parameters of the planar   R  R ¯    underactuated robot in [20].






Table 2. Parameters of the planar   R  R ¯    underactuated robot in [20].





	Link i
	   m i    (  kg  )
	   L i    (  m  )
	   l i    (  m  )
	   J i       ( kg ·   m  2  )   





	   i = 1   
	0.2
	0.5
	0.25
	0.0042



	   i = 2   
	0.5
	0.8
	0.40
	0.0267
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