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Abstract

:

Cable-Driven Parallel Robots (CDPRs) are a special kind of parallel manipulator that uses cables to control the position and orientation of the mobile platform or end effector. The use of cables instead of rigid links offers some advantages over their conventional rigid counterparts. As cables can only pull but not push, the number of cables (n) required to command the end-effector is always   n + 1  . This configuration is known as fully-constrained, and it is the most extended configuration for CDPRs. Although CDPRs have many advantages, such as their ability to cover large working areas, one of their main problems is that their working area (workspace) is limited in comparison to its frame area (planar case) or frame volume (spatial case), due to the minimum and maximum allowed tensions. Depending on these tension values, the workspace can notoriously decrease. In order to tackle this problem, lots of works focus on solving kinematics or dynamics problems for cable sagging, i.e., they take into account sagging when modelling the robot kinematic and include these poses inside the usable robot workspace. Taking into account phenomena such as this increases the mathematical complexity of the problem, and much more complex techniques are required. On the other hand, the lack of workspace problem can be tackled by adding active or passive elements to the robot design. In this sense, this paper proposes two mechanical modifications: to add passive carriages to the robot frame and to use a single cable loop to command the end-effector position and orientation. This work presents the kinematic, static, and dynamic models of the novel design and shows the gain of workspace for a planar case while taking into account different parameters of the robot.
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1. Introduction


Cable-Driven Parallel Robots (CDPRs) are a type of parallel manipulators that utilize cables instead of rigid links. They can also be seen as a flexible lifting device that employs multiple cables to minimize the sway of the load. The main components of CDPRs typically include a support structure, winches for winding the cables, and a mobile platform (payload) to which the cables are affixed [1]. The moving platform, or end-effector, is connected to a number of winches by means of cables. The winch drums contain the cables, and they can be directed to the end-effector via one or multiple pulleys. The cables can be directly fastened to the end-effector or linked to it using universal joints. The end-effector position and orientation, hereafter pose, can be controlled by varying the length of the cables [2]. In addition, a motion of the mobile platform can also be induced by varying the cable forces, i.e., the actuated winches that roll the cables in drums can control the end-effector pose by adjusting cable lengths or tensions [1]. The pros and cons of a CDPR usually depend on a particular application context, but some general advantages of this kind of manipulator are its simple structure small volume of the actuator, small inertia force, and low manufacturing cost as cables are easy to wind, and the robot actuators only need to support the end-effector and cable payload [3,4,5]. Moreover, CDPRs offer unique benefits such as scalability, the potential for an expansive workspace, and the capability to handle extremely heavy payloads. [1]. Due to the advantages of CDPRs, research on CDPRs has gained wide attention and is highly motivated by the modern engineering demand for large load capacity and workspace. CDPRs have been increasingly and widely applied in relevant tasks, such as construction, rescue systems, rehabilitation, and even three-dimensional printing [6].



On the other hand, one of the main problems with CDPRs is maintaining cable tensions within acceptable limits. Cables can only pull but not exert compression forces, so tensions must remain positive in order to solve the equilbrium equation [5]. It is crucial to maintain cable tension above a specific lower limit to prevent cable sagging. Cable sagging can lead to complications during cable coiling and positioning errors if the kinematic model, which often overlooks this effect, is not taken into account.



CDPRs can be categorised based on their structure, with the number of degrees-of-freedom (DOFs) denoted by m, and the number of cables denoted by n, resulting in   r = m − n   being the number of redundant cables or degrees of redundancy. Hence, CDPRs can be classified as follows [7]:




	
If   r < 0   and   m ≤ 6  , it results in an incompletely restrained positioning mechanism or an underconstrained CDPR. Such CDPRs can only attain equilibrium with gravity or a specified force and are often incapable of functioning with arbitrary external wrenches.



	
When   r = 0  , it indicates a kinematically fully constrained CDPR. The robot is entirely restricted in terms of kinematics, but the equilibrium equation remains contingent on gravity or other forces, signifying that the robot can solely operate with a predetermined set of forces.



	
If   r = 1  , it refers to completely restrained positioning mechanisms or fully constrained CDPRs. The end-effector positions can be entirely ascertained through the cables. The constraints on the end-effector movements and the wrenches applied to the end-effector hinge on the cable tension limits.



	
When   r > 1  , it denotes redundantly restrained positioning mechanisms or over constrained CDPRs. The robot is restricted by redundancy, and the wrenches must be distributed via cables. The number of kinematic constraints exceeds the number of DOFs, thus the static equilibrium of the CDPR can have multiple solutions.








Other classifications based on the direction of gravity towards the end-effector classify CDPRs as suspended when cables are mounted in the direction of gravity. This configuration relies on the influence of gravity on the end-effector to achieve the equilibrium state [8]. Based on their design configuration, certain CDPRs solely function in the suspended state, while others can operate in the fully restrained state. Additionally, some CDPRs can operate in both the fully restrained state and the suspended state [3].



In the case of fully-constrained cable-driven parallel robots, the wrench-feasible workspace (WFW) is constrained by the minimum and maximum tension values of the cables [5,9]. This limits the reachable workspace of the robot’s end-effector and makes it impossible to position the end-effector in certain regions within the robot’s frame.



The only possible way to overcome this loss of working space without modifying the robot design is to enlarge the tension limits. Expanding the tension limits implies increasing the torque capacity or considering the sagging effect in the kinematic model, respectively. Many authors have tackled this problem by incorporating active elements into the design that, in fact, improves the robot’s overall dexterity. Several works demonstrate reconfigurable cable positioning techniques that consider the end-effector trajectory or adjust the anchor points of the cables to prevent collisions, such as refs. [10,11,12,13]. Other authors propose modifying the attachment of the anchor points in the end-effector so collision with elements is avoided while reducing the end-effector manoeuvring [14,15]. In ref. [16], an extension of the workspace based on the use of cable-and-pulley differential is proposed. In [17] the addition of spring is analysed to modulate a desirable workspace. All these solutions have the drawback of adding more actuators to the design, whereas previous works such as [18,19] prove that there is no need to integrate active elements into the design. Instead, it was shown that adding passive elements, such as moving carriages, to the design immensely increases the WFW of the robot [19,20]. Taking into account the kinematic and static model analysis presented in [19], it is remarkable how the mechanical modification of adding passive carriages to the design increases the robot’s WFW. These carriages are able to move along linear guides within the robot frame. Additionally, passive carriages are equipped with pulleys that redirect the cable towards the end-effector, minimising variations in cable direction during end-effector movement. In this way, the required cable tension is lower, achieving reasonable tension limits and a much larger WFW. Apart from comparing the WFW of the new design with a conventional CDPR, ref. [19] also conducts a parametric analysis on the impact of robot geometry on the achievable wrench-feasible workspace (WFW). The proposal here is based on a modification of the previous work [19], but using a single cable loop of cable instead of four independent cables.



In this sense, some previous works apply this concept, which is called ‘end-less cable’ or ‘closed loop of cable’ [21,22,23,24,25]. Figure 1 represents some of these schemes developed for planar cases where the end-effector has two translational degrees-of-freedom. The cable route is colored in red, driven pulleys are grey, and the translational joint is blue. Schemes (a) and (b) in Figure 1 [22] allows fore the horizontal and vertical degrees-of-freedom to the end-effector by means of two motors. Schemes (c) and (d) [22] use three motors for the same purpose. Schemes (e) and (f) [25] use two motors but connect the mobile distal anchor points with the end-effector by means of a rigid link. The rigid link addition can increase the accuracy of the system, but it also adds inertia to the system, which is not always allowed. Finally, Scheme (g) [25] uses four motors. All these schemes are presented in the cited works to be used with timing belts. In ref. [22], the schemes are presented as Cartesian SCARA manipulators, and their kinematic analysis is developed. This analysis reveals that uncoupled actuation is possible and that the required power to move the end-effector is lower.



Note that using a single cable loop similar to the aforementioned scheme the planar feasible workspace is limited only by the mechanical interference between the mobile parts (e.g., translational joints of moving pulleys) but not by the minimum and maximum cable tension such as in the conventional cable-driven scheme [5,26,27] (see Figure 1). Therefore, the end-less cable concept can be applied to cable-driven parallel robot design, resulting in a WFW enlargement and much lower required motorization. The planar proposal here is based on using a single cable loop for the end-effector positioning, using two motors for the actuation, and avoiding the use of rigid links that connect the mobile parts. This paper covers the mathematical foundations, including kinetostatic analysis, and also analyses the wrench-feasible workspace (WFW) of the robot and compares it with a conventional CDPR. Lastly, a simple control strategy is proposed and simulated, and the paper presents experimental results.



The paper is organised as follows. Section 2 describes the overall proposal and nomenclature, highlighting the advantages in terms of feasible workspace. Section 3 introduces the mathematical foundations of the new CDPR design, including the kinematic, static, and dynamic models. Section 4 describes the experimental platform used to validate the model, including the computer vision system used to track the end-effector. Section 5 describes the experiments carried out to validate the model. Section 6 describes a simple kinematic control scheme intended to show the controllability of the system. Finally, Section 7 draws some conclusions and proposes lines for future work.




2. System Description


2.1. Workspace Limitations


To illustrate the workspace limitations of CDPR, let’s assume a fully-constrained planar scheme as in Figure 2 where:




	
H and W are the height and width of the frame, respectively.



	
h and w are the height and width of the end-effector, respectively.



	
  T i   for   i = 1 , ⋯ , 4   the tension of the cables.



	
  τ i   for   i = 1 , ⋯ , 4   the torques exerted by each motor.



	
r the effective radius of the drums.



	
  [  x e  ,  y e  ,  δ e  ]   the coordinates of the end-effector.








Assuming that no sagging cables are allowed (e.g., [28], the static workspace of the robot can be determined by imposing end-effector poses within the frame and checking if the force/torque equilibrium can be achieved for these poses. The main parameters affecting the workspace are the dimensional parameters of the robot (W, H, w, h, and r), the end-effector mass matrix,  M , and the allowable tension limit values:   T  m i n    and   T  m a x    [5]. The minimum tension value,   T  m i n   , must be set to avoid sagging cables and low stiffness values. The maximum tension value,   T  m a x   , is determined by the maximum holding torque of the motors and by the breaking strength of the cables [29].



Figure 3 shows the static workspace of the robot scheme of Figure 2 with the parameters of the prototype presented in the experimental results section:   W = 2.224   m,   H = 1.112   m,   w = 0.281   m,   h = 0.287   mm,   m = 2   kg and no rotation of the end-effector   δ =  0 ∘   . Figure 3 illustrates that for a minimum tension value,    T  m i n   = 10   N, the static workspace is the 70.73% of the frame area. The static workspace is reduced when the allowed minimum tension increases and for    T  m i n   = 50   N only the 41.56% of the frame area is accessible to the end-effector.




2.2. Novel Single Cable Loop CDPR


As mentioned in Section 1, some of the main drawbacks of CDPR are: (a) the limited workspace inside of the frame [5]; (b) the lack of the robot dexterity when the end-effector is positioned close to the boundaries of the feasible workspace [30].



For solving these two problems, this paper proposes the single cable loop cable-driven parallel robot (sCDPR) scheme shown in Figure 4. The proposal suggests incorporating two sets of passive carriages with linear guides, one in the and one in the lower part of the frame. Through a set of driven pulleys a single cable loop can be designed and its length will remain constant for any pose of the end-effector (assuming negligible in this first step the length variation of the cable due to its elasticity). Two actuators, placed at the lower corners of the frame, provide the movement capability of the end-effector through driven pulleys.




2.3. Nomenclature


Figure 5 shows the sCDPR proposal in an arbitrary pose to present the nomenclature for the modelling of the robot.



The green-coloured dimensional parameters include: W and H, representing the width and height of the frame, w and h, representing the width and height of the end-effector, a representing the distance between the centre of mass of the end-effector and the centre of the driven pulley located at the top of the end-effector, b representing the distance between the centre and the bottom of the end-effector,    w  u c     and    w  l c     representing the widths of the and lower passive carriages, representing the radius of the driver pulleys, and r representing the radius of the driven pulleys attached to the actuators.



The angles of the cables, in red, are α, β and γ which represent the angles with regards to Y axis of the lower inner, inner, and outer paths of the cable loop, respectively.



Being T the pretension of the cable loop, the instant tension of each path of the cable loop has been noted as T, T − ΔT and T + ΔT, and depends on the actuation of the motors attached to the driven pulleys.



The generalised coordinates to develop the model are: q1, the horizontal coordinate of the end-effector, q2 the angle with regards to Y axis of the end-effector, q3 the horizontal coordinate of the lower carriage, and q4 the horizontal coordinate of the carriage.



Finally, the input torque of both actuators have been noted as τ1 and τ2.




2.4. Workspace Gain


With this novel proposal, assuming that after a movement both carriages are almost aligned to the end-effector in the horizontal axis (see the pose of Figure 4 as example), the equilibrium of forces/torque is guaranteed, and the end-effector is therefore able to reach almost all the frame area. In particular, the feasible workspace at static conditions is defined by all end-effector coordinates   [ x , y ]   that satisfy:


      w  l c   2     ≤ x ≤     W −   w  l c   2       b    ≤ y ≤     H − a     



(1)







The proposed system, which uses a single closed loop of cable, has a workspace that is solely determined by the geometry of the frame and the end-effector (see expression (1)). Figure 6 illustrates the static workspace of the sCDPR proposal using the same parameters as the results obtained for the conventional scheme. (see Figure 3).





3. Mathematical Model


This section presents the mathematical foundations of the new CDPR design, comprising the kinematic, static, and dynamic models.



3.1. Kinematic Model


In the novel design, the kinematic model is much simpler than that of a conventional CDPR. Owning to the fact that there are only two actuators and one single cable loop, the kinematic model must only take into account the variation of end-effector pose,   Δ  x e   ,   Δ  y e   , with regards to the angle that the actuators roll up or out the cable,   Δ  α 1   ,   Δ  α 2   . In this sense, the forward kinematic transform yields:


   [ Δ  x e  , Δ  y e  ]  =  ϕ  F K    ( Δ  α 1  , Δ  α 2  )  ,  



(2)




being    ϕ  F K   =  [   r ( Δ  α 1  + Δ  α 2  )  2  ,   r ( Δ  α 1  − Δ  α 2  )  2  ]   .



The inverse kinematic transform, on the other hand, can be written as:


   [ Δ  α 1  , Δ  α 2  ]  =  ϕ  I K    ( Δ  x e  , Δ  y e  )  ,  



(3)




being    ϕ  I K   =  [   ( Δ  x e  − Δ  y e  )  r  ,   ( Δ  x e  + Δ  y e  )  r  ]   . It is remarkable how both kinematics only depend on the variation of end-effector position,   Δ  x e  , Δ  y e   , or angular position of the actuators,   Δ  α 1  , Δ  α 2   , and the effective radius of the actuator pulleys, r. The kinematics of the robot are not affected by the tension or pretension of the cables, as shown. However, it does impact the end-effector’s positioning accuracy. This concern is discussed in the Dynamic Model section (Section 3.2), where the effect of pretension on the model is demonstrated.



As the proposal here is based on the use of end-less cables, according to the scheme in Figure 4, the force that the upper cables exert on the end-effector is the same as that exerted by the lower cables, and, therefore, the vertical equilibrium can be statically ensured.



Finally, it is important to mention that a notable advantage of the novel proposal is its kinetostatic simplicity (see (2) and (3)).




3.2. Dynamic Model


The dynamic model has been developed under the assumption that angles  α ,  β  and  γ  (see Figure 5) are small enough to obtain a linear equivalent model. In this way, angles of cables can be originally written as (see Appendix A):


    α   =     tan  − 1       q 3  −  q 1  − a sin  (  q 2  )    y − a cos (  q 2  )         β   =     tan  − 1       q 1  −  q 4  − b sin  (  q 2  )    H − y − b cos (  q 2  )         γ   =     tan  − 1       q 3  −  q 4   H       



(4)







According to Figure 4, the cable angles are the same on both the left and right sides of the end-effector. In this way, the small angle assumption assumes that the end-effector rotation remains small throughout all manoeuvres, and therefore, the angles of both cables are quasi-similar. Of course, it depends on the cable pretension T and on the end-effector/carriages dimensions.



The dynamics equations of the actuators and carriages have been obtained by writing their Newtonian balances due to their simplicity. For the pose detailed in Figure 5 the torque equilibrium of the motors yields:


      τ 1  + r  ( T − Δ T )  − r T = 0        τ 2  − r  ( T + Δ T )  + r T = 0     



(5)







Thus, the instantaneous increase in cable loop tension can be expressed as:


  Δ T =    τ 1  +  τ 2    2 R    



(6)







The assumption that   Δ T   remains constant along the entire single cable route is a strong simplification, and the effective tension actually depends on the length of the cable segment [25]. However, as this model is developed for control purposes, the differences in the dynamics resulting from this assumption can be accounted for by the future dynamic control law for end-effector positioning.



The horizontal equilibrium of the lower carriage force is:


  −  m 3    q 3  ¨  +  1 R   (  τ 1  +  τ 2  )  − 2 T  sin ( γ ) + sin ( α )  − 2 T μ  cos  ( γ )     q 3  ˙    |    q 3  ˙   |    + cos  ( α )     q 3  ˙    |    q 3  ˙   |     = 0  



(7)




and the horizontal equilibrium of the carriage is:


  −  m 4    q 4  ¨  + 2 T  sin ( γ ) + sin ( β )  − 2 T μ  cos  ( γ )     q 4  ˙    |    q 4  ˙   |    + cos  ( β )     q 4  ˙    |    q 4  ˙   |     = 0  



(8)







In Equations (7) and (8)  μ  is the coefficient of friction of the carriages. The viscous friction has not been considered because of the use of ball-bearing guide carriages.



For obtaining the dynamic behaviour of the end-effector Lagrange formulation has been applied, being the Lagrangian, L:


  L =  1 2   m e    (   q ˙  1  )  2  +  1 2   I e    (   q ˙  2  )  2   



(9)




the equations that describe the dynamics of the end-effector are:


      d  d t      ∂ L   ∂   q ˙  1     +   ∂ L   ∂  q 1       =    Q 1        d  d t      ∂ L   ∂   q ˙  2     +   ∂ L   ∂  q 2       =    Q 2     



(10)




where   Q 1   is the generalised horizontal force and   Q 2   the generalised torque. Assuming that:


  d  W t  =  Q 1  d  q 1  +  Q 2  d  q 2   



(11)




being   W t   the total work exerted by   Q 1   and   Q 2  . If   d  W t    is determined   Q 1   and   Q 2   can be therefore obtained. Assuming the end-effector scheme of Figure 7   d  W t    can be determined with by computing the work exerted at points A and B as:


  d  W t  = d  W A  + d  W B   



(12)




being   d  W A  =  F A  d  r A    and   d  W B  =  F B  d  r B   . The A and B differential position arrays can be written as:


     d  r A     =    [ d  q 1  + a cos  (  q 2  )  d  q 2  ,     a sin  (  q 2  )  d  q 2   ]        d  r B     =    [ d  q 1  + b cos  (  q 2  )  d  q 2  ,     − b sin  (  q 2  )  d  q 2   ]      



(13)




and the Forces applied at A and B points as:


     F A    =   [    2 T sin ( α ) ,     − 2 T cos ( α ) ]       F B    =   [    − 2 T sin ( β ) ,     2 T cos ( β ) ]     



(14)







The differential of the total work can be easily obtaining by substituting (13) and (14) in (12):


     d  W t     =    2 T [ sin  ( α )  + d  q 1  + a sin  ( α )  cos  (  q 2  )  d  q 2  − a cos  ( α )  sin  (  q 2  )  d  q 2  ] +             2 T [ − sin  ( β )  d  q 1  + b sin  ( β )  cos  (  q 2  )  d  q 2  − b cos  ( β )  sin  (  q 2  )  d  q 2  ]     



(15)







Identifying (11) with (15),   Q 1   and   Q 2   can be finally determined:


      Q 1  = 2 T  ( sin  ( α )  − sin  ( β )  )         Q 2  = 2 T  ( a sin  ( α −  q 2  )  + b sin  ( β −  q 2  )  )      



(16)







By assuming small values of   q 2   and that the horizontal distance between both carriages is much smaller than the vertical distance, i.e.,    |   q 3  −  q 1   | < < Y   ,    |   q 4  −  q 1   | < < H − Y    and    |   q 3  −  q 4   | < < H   , angles in (4) can be assumed to be:


    α   ≈      q 3  −  q 1  − a sin  (  q 2  )    y − a cos (  q 2  )       β   ≈      q 1  −  q 4  − b sin  (  q 2  )    H − y − b cos (  q 2  )       γ   ≈      q 3  −  q 4   H     



(17)







In this way, developing expressions (10) a linear and time invariant (LTI) dynamic model is finally achieved and expressed as:


  M  q ¨   ( t )  + K q  ( t )  = w  



(18)




being  M , the mass/inertia matrix:


  M =      m e    0   0   0     0    I e    0   0     0   0    m 3    0     0   0   0    m 4       



(19)







 K  the stiffness matrix:


  K =      2 T   1  z 2   +  1  z 1        2 T   a  z 2   −  b  z 1        −   2 T   z 2       −   2 T   z 1         2 T   1  z 2   −  1  z 1        2 T    a 2   z 2   + a +   b 2   z 1   + b      −   2 T a   z 2        2 T b   z 1        −   2 T   z 2       −   2 T a   z 2       2 T   1 H  +  1  z 2        −   2 T  H        −   2 T   z 1        2 T b   z 1      −   2 T  H      2 T   1 H  +  1  z 1          



(20)




with    z 1  = H − Y − b  ,    z 2  = Y − a   and  w  the external force array:


  w =     0     0       1 R   (  τ 1  +  τ 2  )  − 4 T μ    q 3  ˙    |    q e  ˙   |          − 4 T μ    q 4  ˙    |    q 4  ˙   |          



(21)







The dynamic model (18) is valid as long as the small cable angle assumption is fulfilled. The accuracy of the proposed LTI model in describing the dynamics of the sCDPR will be demonstrated through simulation and experimental results. In addition, model (18) is intentionally simplified by not considering external forces such as gravity. That is because the influence of gravity on the dynamic model is minimal. This is due to the design of the proposal, which utilises a significantly larger pretension value compared with the force exerted by gravity on the end-effector. Furthermore, the pretension applies four times to the end-effector, with two upper cables and two lower cables.



From a control scheme perspective, the linearity of model (18) implies that the influence of gravity action merely alters the system’s equilibrium point without affecting the control law.





4. Experimental Platform Description


4.1. Robot Description


The experimental platform has been designed to be mainly built by laser cutting and 3D printed parts. Figure 8 shows the design and the final prototype, including the main functional elements.



The frame and end-effector are made of 4 mm steel plates cut by laser. The pulleys have been printed with micro carbon fibre filled nylon and the cable is a 2 mm of diameter steel cable. The actuators are two DC motors, MaxonMotor RE40, with a 26:1 gearbox. They also included 256 ppr (pulses per revolution) encoders to acquire their angular position. The motors are commanded by two servoamplifiers, ESCON 70/10 which receive the control signal from the control device: a NI MyRio 1900 real-time controller. This configuration ensures a sampling frequency of 1 KHz. Table 1 summarises the main parameters of the robot, where J and b are, respectively, the rotational inertia and the viscous friction coefficient of the motor/gearbox/driver pulley sets.




4.2. Computer Vision System


In front of the robot, a vision system is placed to track some points of interest during the robot’s manoeuvres. Four markers have been attached to the frame, four to the end-effector, and one at each passive carriage.



The camera has 8 Megapixels with a 3264 × 2448 resolution and a Sony IMX179 sensor. The focal distance and brightness can be manually adjusted. After the camera calibration, the 30 fps images are undistorted, and the equivalence between image coordinates and world coordinates is obtained. The different points of interest are obtained by simple colour segmentation, and the position of the end-effector and passive carriages can therefore be obtained after the experiments in an offline way. Owing to the camera resolution (3264 × 2448 px) and the robot size (2224 × 1112 mm), after removing the unused image region and after the camera calibration procedure, the maximum estimated reprojection error is about 0.26 px which corresponds in world coordinates to 0.19 mm. This is the expected maximum error committed by the vision system for the position estimations [31].



Figure 9 represents, as an example, a region of interest of the original image, the marker pose detection by segmentation and the end-effector position estimation (Supplementary Video).





5. Model Identification and Validation


5.1. Parameters Identification


The objective of this section is to validate the dynamic model developed in Section 3.2. Dimensional parameters (see Table 1) can be directly measured, but the coefficient of friction,  μ , shall be identified.



For this purpose, some experiments have been carried out. For a given cable loop pretension value (  T = 350   N), the voltages that control the servoamplifiers have been increased in 0.1 V steps in both motors, observing the first voltage value when carriages (and end-effector) start moving. By repeating the experiment 30 times, the average value of voltage is    V f  = 0.68   V, which corresponds to a motor torque of    τ f  = 0.3284   Nm.



These experiments are open-loop experiments and both motor are excited with the same voltage signals,    V 1  =  V 2  = V  . The equivalence between the reference voltage signal and the current reference signal,    I 1 *  =  I 2 *  =  I *   , can be configured in the servoamplifier to use all the DAQ resolution. In this sense, a    V *  = ± 10   V reference voltage signal corresponds to a    I *  = ± 6   A reference current signal (nominal current of the DC motors). Therefore, the servoamplifier closes the current control loop taking as reference this current reference signal. The exerted torque of the motor is assumed to be   τ =  K e   I *   , being   K e   the torque constant of the motor provided by the motor supplier (Maxon Motor)    K e  = 30.2   mNm/A.



On the other hand, the dynamic model (18) has been implemented in Matlab®/Simulink® and both motors have been excited with    τ f  = 0.3268   Nm. Changing the value of  μ , the one that minimises the error between the experimental and simulated results has been selected,   μ = 0.1723  .



For illustrative purposes, Figure 10 compares the first 10 experimental results and the simulated one after identifying  μ  value. The horizontal position of the carriage,   q 4  , initially placed at    q 4   ( 0 )  = 0.2   m, is represented when   V f   is applied in both motors.




5.2. Frequency Characterisation


This section aims to determine the natural frequency of the robot, which will be utilised in upcoming control strategies to counteract any end-effector vibration during robot manoeuvres. The cable loop pretension value, T, has a notorious influence on this natural frequency. In this way, this frequency has been determined for three values of cable pretension: a low value of 200 N, a medium value of 350 N, and a high value of 500 N.



The procedure to obtain the natural frequency is based on the pseudoimpulse response of the system. For a given end-effector position, an horizontal external force is applied to it; the vision system described in Section 4.2 registers the end-effector pose; its horizontal displacement is therefore acquired,   x e  ; its mean value,   x e 0  , is removed; and FFT is applied to determine the maximum frequency peak of the frequency spectrum by peak picking. Note that a clear single peak appears in the frequency spectrum. Figure 11 illustrates this procedure.



By repeating the aforementioned procedure for different positions (4 positions on the vertical axis and 5 positions on the horizontal axis), Figure 12 illustrates the natural frequency of the end-effector, denoted as   f n   in Hz.



Note that natural frequency is low when the end-effector is placed near the top or bottom of the frame, and it grows up when the vertical position is near the centre of the frame, where it reaches its maximum value. For higher values of cable loop pretension, the natural frequency is about 3.9 Hz, and for lower values of pretension, it is about 2.4 Hz.



The frequency characterization obtained can be utilised in designing a control strategy aimed at mitigating any undesired vibration of the end-effector during its manoeuvres.




5.3. Model Validation


Simulated and experimental results are compared in this section for validation purposes. The experiments consist of placing the end-effector in an initial pose and applying a 1-second torque step to both motors. The experiments carried out are summarised in Table 2. These experiments are executed in open-loop, and the values of the torques have therefore been selected to avoid the collision of the end-effector/carriages with the frame while providing large movements of the end-effector.



For all experiments, the end-effector position and the carriage positions are compared.



For illustrative purposes, Figure 13 shows the simulated and experimental results of Experiment 1 in Table 2. The input torques of the four experiments are represented in Figure 14.





6. Kinematic Control


This section is devoted to showing the controllability of the system by means of a simple kinematic control.



6.1. Control Scheme


To illustrate the workspace gain of the proposal and the controllability of the system, the kinematic control shown in Figure 15 is experimentally implemented. This control scheme assumes that the dynamics of the actuators are decoupled from the sCDPR, i.e., kinematic control is applied as a first approach (e.g., [32]).



In Figure 15    Q e *  =   [  x e *  ,  y e *  ]  T    is the end-effector position reference,    α *  =   [  α 1 *  ,  α 2 *  ]  T    is the joint coordinates reference,   ε =   [  α 1 *  −  α 1  ,  α 2 *  −  α 2  ]  T    the error signal,   V =   [  V 1  ,  V 2  ]  T    are the voltage control signal,   τ =   [  τ 1  ,  τ 2  ]  T    the input torque,    Q e  =   [  x e  ,  y e  ]  T    the end-effector pose and   α =   [  α 1  ,  α 2  ]  T    the actual joint coordinates.



In this way, as control scheme is based in joint coordinates space, controller block,  R  in Figure 15 is:


  R =      R 1    0     0    R 2       



(22)




where    R 1  =  R 2  = R   due to mechanical symmetry in the robot design.



To illustrate the controllability of the system a linear PD controller is designed for each actuator set. Its control law can be written as:


   V i   ( t )  =  K p   ε i   ( t )  +  K d    d  ε i   ( t )    d t    



(23)




for actuator   i = 1 , 2  .



The prototype is actuated by means of two DC motor/gearbox/driver pulley sets, which allow the following transfer functions to be identified for the motors:


  G  ( s )  =   α ( s )   V ( s )   =   1 / J   s ( s + b / J )   =  2169  s ( s + 16.68 )    



(24)







The identification of the transfer function of the DC motor has follow the well-known procedure based on its speed step response. More details can be seen at [33].



Given the frequency requirements of a gain crossover frequency of    ω c  = 40   rad/s and a phase margin of    φ m  =  60 ∘    (see [34,35]), the resulting controller is:


  R ( s ) = 0.6352 + 0.0125 s  



(25)








6.2. Position Control Results


Two simple manoeuvres have been experimentally tested: one horizontal and one vertical. Since the actuators model (24) is of second order, 4th order Bezier trajectories were implemented to ensure smooth end-effector trajectories. Both trajectories start at the initial pose of the end-effector, execute a manoeuvre to an intermediate pose, and return to the initial pose.



Table 3 summarises the initial and final end-effector poses and the trajectory times of both controlled manoeuvres.



Figure 16 and Figure 17 represent the reference tracking of the horizontal and vertical trajectories of Table 3. Note that the end-effector suffers some vibration during the manoeuvres in coherence with Section 5.2. The objective of this paper is to present the advantages of the novel sCDPR scheme and its dynamic model. The control approach presented here will be treated in further works in order to improve the accuracy of the robot by compensating for the undesirable vibration during its movement.



Figure 18 represents the Euclidean error,   ε e  , committed during the trajectories:


   ε e   ( t )  =     (  x e *   ( t )  −  x e   ( t )  )  2  +   (  y e *   ( t )  −  y e   ( t )  )  2     



(26)







Note that, although a simple kinematic control has been implemented, for horizontal manoeuvres the maximum error appears during the acceleration and deceleration phases, at about 50 mm, and for vertical manoeuvres about 8 mm.



Finally, Figure 19 represents the trajectory tracking of a diagonal movement. This trajectory is faster than the previous ones. Figure 20 shows the joint control and the control signal of both motors. Note that in this last case, the control signal is near the saturation limit of   [ − 10 , 10 ]   V.



For the trajectory tracking experiments in Table 3, the end-effector angle has been measured with the vision system. The maximum absolute value of the end-effector angle was    |   δ e   | = 3 .   2 ∘    (see Figure 19).





7. Conclusions


In this paper, a novel design for planar fully-constrained CDPRs of 2 DOFs is proposed. The design is a mechanical modification of the one presented in ref. [19], where a single cable loop is used instead of four different cables.



The innovative CDPR consists of two passive carriages that move freely along linear guides attached to the robot frame and a single cable loop driven by two actuators. The end-effector’s pose is altered by a set of driven pulleys while keeping the cable length constant.



The primary objective of the new design is to expand the robot’s feasible workspace compared with conventional designs. In addition, the stiffness of the robot remains invariant for a given pretension of the cable loop.



After presenting the novel sCDPR scheme, the kinetostatic problem is introduced. One of the advantages of this new design is the simplicity of both forward and inverse kinematic transforms. The single cable loop reduces the kinematics to expressions where the variation of pose of the end-effector is directly related to the variation of cable roll in or out by the motors, which are much simpler than the kinematic formulations of the previous CDPR models in [19].



The dynamic model of the system has also been developed, bringing a linear and time-invariant model that allows for direct application of linear techniques. The dynamic model has been developed under the assumption that end-effector and passive carriages are pseudo-aligned and cable angles are small. Experimental results have been carried out to validate the dynamic model developed.



Finally, a simple kinematic control has been experimentally applied to illustrate the controllability of the system. The kinematic control has been designed considering only the dynamics of the actuators. Experimental results show an acceptable error for end-effector trajectory tracking.



For removing the residual vibration of the end-effector during horizontal manoeuvres further work will propose more complex control strategy approaches based on the frequency characterisation of the sCDPR.



The work presented here will continue with the design and implementation of a dynamic control to obtain accurate end-effector trajectory tracking. A dynamic control strategy based on the frequency characterisation shown in Section 5.2 and dynamics inversion will be applied as a first step. Owing to the natural creep of steel cables, a tension sensor [36] and an a active linear actuator will be added to the system for maintenance purposes (see Figure 21).



In addition, more complex control strategies will employ the linear actuator to control the end-effector pose during the robot manoeuvres. The presented scheme can be applied to any planar application where CDPR can be applied. In particular, the complete controller system, including the active tensor and the tension sensor, will be applied to a system for automated cleaning of a solar panel array, for an automated storage and retrieval system, and for inspecting the lower size of bridges decks.
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	Cable-Driven Parallel Robot
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	Single Cable Cable-Driven Parallel Robot
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	Degree-of-freedom



	WFW
	Wrench-feasible workspace



	FFT
	Fast Fourier Transform
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Appendix A. Determination of the Cables Angles


Attending to Figure A1,  α  angle can be determined as:


  α = t a  n  − 1      H α   V α     



(A1)




where:


   H α  =  q 3  −  q 1  − a  sin  − 1    (  q 2  )   



(A2)




and:


   V α  = y − a  cos  − 1    (  q 2  )   



(A3)







Substituting (A2) and (A3) in (A1), the expression of  α  in (4) is determined.
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Figure A1. Scheme for  α  angle determination. 
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An analogous procedure has been followed to determine  β  and  γ  angles.
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Figure 1. End-less cable schemes. (a,b) 2 motors; 2 degrees-of-freedom; (c,d) 3 motors; 2 degrees-of-freedom; (e,f) 2 motors; 2 degrees-of-freedom; rigid link; (g) 4 motors; 2 degrees-of-freedom; rigid link. 






Figure 1. End-less cable schemes. (a,b) 2 motors; 2 degrees-of-freedom; (c,d) 3 motors; 2 degrees-of-freedom; (e,f) 2 motors; 2 degrees-of-freedom; rigid link; (g) 4 motors; 2 degrees-of-freedom; rigid link.
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Figure 2. Conventional planar CDPR. 
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Figure 3. Workspace of the conventional planar CDPR. 
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Figure 4. Single cable loop planar CDPR proposal: sCDPR. 
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Figure 5. Nomenclature of sCDPR. 
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Figure 6. Workspace of the sCDPR. 
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Figure 7. End-effector scheme. 
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Figure 8. Design and Prototype of the proposed sCDPR. 
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Figure 9. Vision system for pose estimation. 






Figure 9. Vision system for pose estimation.



[image: Actuators 12 00200 g009]







[image: Actuators 12 00200 g010 550] 





Figure 10. Open loop results: experiments vs. simulation ( μ  parameter identification). 
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Figure 11. Procedure for natural frequency determination. 
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Figure 12. Natural frequency into the robot workspace. 
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Figure 13. Identification results: experiment 1. 
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Figure 14. Identification results: applied torques. 
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Figure 15. Kinematic control for sCDPR. 
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Figure 16. Trajectory tracking: horizontal manoeuvre. 
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Figure 17. Trajectory tracking: vertical manoeuvre. 
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Figure 18. Trajectory tracking error. 
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Figure 19. Trajectory tracking: diagonal manoeuvre. 
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Figure 20. Joint control and control signal: diagonal manoeuvre. 
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Figure 21. Modified scheme for industrial applications. 
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Table 1. Parameters of the prototype.
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Frame






	
Width, W (mm)

	
2224




	
Height, H (mm)

	
1112




	
End-effector




	
Width, w (mm)

	
287




	
Height, h (mm)

	
281




	
Mass,   m e   (kg)

	
2.1




	
Rotational Inertia,   I e   (kg · m    2  )

	
2.5198 ·   10  − 2   




	
Cable




	
Diameter, d (mm)

	
2




	
Young’s module, E (GPa)

	
2.0912




	
Passive Carriages




	
Width,    w 3  =  w 4    (mm)

	
287




	
Mass,    m 3  =  m 4    (kg)

	
1.2




	
Motor/Pulley sets




	
Rotational Inertia, J (kg · m    2  )

	
   1.2734 ·  10  − 2     




	
Viscous friction coefficient, b (Nms)

	
0.2




	
Effective radius, r (mm)

	
7.3
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Table 2. Summary of open-loop experiments for validation.
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Experiment

	
End-Effector Position

	
Input Torques




	

	
   [  x e  ,  y e  ]    m

	
   [  τ 1  ,  τ 2  ]    Nm






	
1

	
   [ 0.173 , 0.300 ]   

	
   [ 4.85 , 4.85 ]   




	
2

	
   [ 1.830 , 0.300 ]   

	
   [ − 4.78 , − 4.78 ]   




	
3

	
   [ 0.550 , 0.234 ]   

	
   [ 1.87 , − 1.87 ]   




	
4

	
   [ 0.550 , 0.921 ]   

	
   [ − 1.82 , 1.82 ]   
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Table 3. Kinematic control trajectories.






Table 3. Kinematic control trajectories.





	
Trajectory

	
Initial Pose

	
Intermediate Pose

	
Final Pose

	
Trajectory Time






	

	
   [  x e  ,  y e  ]   m

	
   t s   (s)




	
Horizontal

	
   [ 0.3 , 0.55 ]   

	
   [ 1.9 , 0.55 ]   

	
   [ 0.3 , 0.55 ]   

	
4




	
Vertical

	
   [ 0.55 , 0.20 ]   

	
   [ 0.55 , 0.9 ]   

	
   [ 0.55 , 0.20 ]   

	
4.5




	
Diagonal

	
   [ 2.08 , 0.92 ]   

	
   [ 0.01 , 0.19 ]   

	
   [ 2.08 , 0.92 ]   

	
2.5
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