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Abstract

:

The design and analysis of a new type of three-jaw docking mechanism capable of space rendezvous and docking are presented. In addition, a composite docking test platform capable of both vertical and horizontal docking is created. On the basis of kinematics theory, a global coordinate system is built, and the attitude error is assessed based on the error angle. On the basis of dynamic theory, the multi-body dynamic differential equation of the composite docking platform is derived, and the impact-induced interaction state of the locking pawls is studied. The simulation software is then used to jointly simulate the test platform and the docking mechanism under the two conditions of frontal and oblique docking, and to analyze the attitude law caused by the change of docking impact force. This provides a solid foundation for future research into the application of space rendezvous theory to small spacecraft.
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1. Introduction


With the expansion of human space travel, rendezvous and docking technology in spacecraft have become indispensable for a variety of space activities [1,2]. When conducting docking activities in space, active and passive docking mechanisms must attain and maintain high levels of reliability and stability. Inspection and acceptance of the ground test platform should ensure the platform’s high dependability and stability [3]. Currently, it is customary to employ a semi-physical simulation test platform to conduct a large number of ground-docking simulation experiments in order to thoroughly examine the entire spacecraft docking process [4]. This method can be used to replicate docking studies involving vehicles with varying initial attitudes and surroundings. In addition, it can be used to test the functioning of each subsystem and device incorporated into the docking procedure, as well as to confirm the initial attitude of the spacecraft during docking to assure the effective completion of the space docking task [5]. The ground-docking simulation test platform is becoming increasingly significant as the major test equipment for developing and evaluating the docking mechanism and space docking technologies. Therefore, its ongoing development and renewal is essential. Even though there are numerous types of semi-physical simulation test platforms, only vertical or horizontal single-mode docking tests can be conducted. The inability to conduct docking experiments with different docking modes on the same test platform hinders the design and development of the docking mechanism. In addition, with only a vertical or horizontal single-mode docking test, a more comprehensive examination of docking technology, which advances research on space docking technology, remains a blind spot [6].



In the study of spacecraft attitude error, corresponding research has been undertaken. The space docking mechanism has drawn the interest of numerous countries doing aerospace-related scientific research. As the linchpin technology of docking and capturing mechanisms, all nations have conducted extensive research on it and attained specific achievements. The docking form adopted by the on-orbit capture device of the United States’ “Orbit Express” space autonomous operation system is a trident-shaped docking mechanism. The direct capture technique is distinguished by its light weight, outstanding performance, and strong orbital maneuverability [7]. The United States and Russia utilized the cone-type docking mechanism in their early docking practices, including the lunar landing program, the “Skylab” project, and the design of the “Soyuz” manned spacecraft. After ongoing development, a relatively finished docking mechanism was created. It is used extensively in significant space equipment, such as the “Progress” cargo spacecraft, “Salute,” and “Mir” space station [8,9,10]. In addition to the docking mechanisms listed above, there are numerous configurations of docking mechanisms, such as the end of the Japanese-developed actuators ERA and ARH being equipped with a variety of sensors, which can greatly enhance the safety and flexibility of docking and perform precise operations such as fuel filling and module maintenance [11,12,13]. The Canadian-developed dexterous hand SPDM motion manipulator is mounted on the space station remote control manipulator system (SSRMS) [14,15,16,17]. ESA’s three-degrees-of-freedom horizontal docking simulation test bench consists of an active test platform, a gravity balance mechanism, and a docking mechanism [18,19,20], etc. In most cases, a collision will result in a linkage reaction mechanism, and the dynamic performance parameters are obtained via the multiple buffer feedback devices arranged in [21]. The equipment is primarily used in the research center [22,23,24] to simulate various typical state changes during the docking and separation process, such as collision and stability regression. The five-degrees-of-freedom, rope-type comprehensive docking test bench is mostly utilized for dynamic testing and verification of the actual model. The model is suspended on a three-level hinge suspension rope [25,26,27] to maintain its center of mass position. It has been utilized in the “Apollo” and “Soyuz” docking verification test [28]. The bottom tracking mechanism of the six-degree-of-freedom hybrid comprehensive test bench in the United States is designed with a hydraulic buffer to enable irregular six-degree-of-freedom motion [29,30,31]. Its upper platform is fitted with a number of sensors for determining the docking status. On the basis of the theoretical model, this type of test bench can examine various parameter value changes in the actual docking scenario [32], as well as simulate and test the butt joints of asymmetric structures at various temperatures [33,34].



Harbin University of Technology researchers have proposed a new attitude description method and a representation method of gaze error, which directly takes the angle between the optical axis and the target vector as the error variable, establishes the error kinematics equation, and applies it to agile spacecraft in order to observe more targets [35]. Using hyperbolic tangent function, potential function, and linear sliding mode function, Li Xuehui of Harbin University of Technology creates a new sliding mode surface function and designs a collision avoidance tracking controller; the closed-loop system is asymptotically stable [36]. Wang Ming, a professor at Northwestern Polytechnic University, uses the sumo/front project of the United States as a backdrop to study the key technical problems related to attitude takeover control after space robot target capture, in order to provide theoretical support for future on orbit services such as satellite life extension, runaway satellite rescue, and orbital waste cleaning [37]. Chinese academics have proposed a robust control algorithm for tracking the attitude of the spacecraft during time-dependent rendezvous, which can ensure the accuracy of the tracking algorithm of the spacecraft during time-dependent rendezvous [38]. Chinese scholars such as Qu Zhiyong expounded the topological structure of the nine degree of freedom motion system and the establishment process of low order body array, analyzed the basic law of the system with error motion, proposed the construction method of adjacent body characteristic matrix, and studied the comprehensive spatial error of the nine degree of freedom motion system based on the characteristics of adjacent bodies. Numerous scholars from several nations have conducted extensive research on collision features [39]. Lu Shouzhao investigated the impact of historical events on the formation process on the collision characteristics of S-shaped structural components. According to the change in thickness, equivalent plastic strain, and residual stress and strain resulting from the stamping operation, the related collision models were developed, calculated, and assessed [40]. Gao Qinhe utilized the “separation collision” two-state model and the nonlinear spring damping force function to simulate the collision process between piston rods. He also established the dynamic model of an erecting multi-rigid body system that accounts for collision and simulated the motion process of a multi-stage oil cylinder. The simulation results demonstrate the effect of collision on the stability of large-scale device erection, laying the groundwork for the design of a rapid erection system [41]. Ballistic impact tests were conducted at impact speeds of 75 M/s, 105 M/s, 154 M/s, and 183 M/s using a composite material proposed by Mahesh and other researchers. Ref. [42] evaluated the energy absorption and damage mitigation properties of the proposed fiber metal elastomer three-layer composites. Rajkumar, Mahesh, and other researchers analyzed the low velocity impact (LVI) response of sisal natural rubber (NR) based flexible green composites with two different stacking sequences: sisal/rubber/Sisal (SRS) and sisal/rubber/Sisal/rubber/Sisal (SRS). Using hemispherical and conical impactors, the effect of impactor shape on the LVI response of the proposed composites was evaluated. Due to the inclusion of a compliant matrix, the proposed composites exhibit improved energy absorption and damage resistance [43]. Mahesh, Joladarashi, and other academics have investigated the mechanism that controls the damage in the proposed target. The ballistic impact test is conducted by launching a conical projectile at low range using air cannon equipment. On the basis of energy absorption and damage mechanism, the ballistic impact response of pure jute fabric and the proposed flexible composite were studied [44].



In conclusion, while the attitude error of spacecraft has been examined, there is no theory and design for composite docking based on a big angle. In addition, even though the research on collision models is quite extensive, the research based on weightlessness in space and low temperatures has not been documented. A new three-claw docking mechanism and a composite docking test platform capable of vertical and horizontal docking are designed in light of the aforementioned situation in order to satisfy the actual needs of space rendezvous and docking of small spacecraft. The joint configuration test simulation is performed to investigate the characteristics of attitude error and contact influence. The attitude error is investigated based on the kinematics theory, and the global coordinate system, error angle, and the model of double-layer sliding platform are constructed. Utilizing dynamic theory, the interaction state of the impact force of the locking claw is investigated, and its dynamic differential equation is derived. The action law of impact force is produced by concurrently simulating and analyzing the test platform and docking mechanism under the two docking situations (front and oblique) using Adams.




2. Configuring the Composite Docking Test Platform


Figure 1 is a diagram of the combined test assembly of a composite docking test platform with a three-jaw docking mechanism that supports both vertical and horizontal docking (Figure 1a and Figure 1b, respectively). Active and passive docking methods are placed via stiff connectors on active and passive motion simulators, respectively.



Figure 1a demonstrates that, following the establishment of initial circumstances, the location of the active motion simulator was fixed, and the passive motion simulator was utilized as the follow-up system to support the passive docking mechanism. During the docking process, the ball joint, spindle balance assembly, and end effector of the passive motion simulator generate a displacement velocity towards the center of mass of the active docking mechanism; here, the passive docking mechanism simultaneously rotated around the center of the ball under the action of the jaws; the entire docking test has been completed, and the posture is depicted in Figure 1b. Lastly, throughout the docking process, there is always a contact effect between the two docking mechanisms.




3. Analysis of the Composite Docking Test Platform


3.1. Analyzing the Space Docking Process


After the target spacecraft and tracking spacecraft have reached about the same speed and location on the track, the active docking mechanism on the tracking spacecraft extends to grab the passive docking mechanism on the target. Next, the two spacecraft were linked flawlessly using buffering and locking. The space docking was then concluded [30]. As depicted in Figure 2, the space docking procedure was performed in perfect weightlessness with three degrees of freedom and three degrees of rotational flexibility for both the target and tracking spacecraft. Consequently, the space docking process between the two spacecraft is a dynamic process with 12 degrees of freedom (That is, displacement and rotation along the x-axis, displacement and rotation along the y-axis, and displacement and rotation along the z-axis), making it very difficult for ground semi-physical simulation test systems to measure the attitude.



Realizing the relationship between the simulator’s relative position and attitude facilitated the simplification of each spacecraft’s freedom of movement. Thus, a motion simulator with six degrees of freedom and both vertical and horizontal docking modes can be created and used to model docking attitudes for various space modes. Here, the motion simulator was separated into active and passive simulators; the active simulator can realize two degrees of freedom, while the passive simulator can realize four degrees of freedom.




3.2. Attitude Error Analysis and Modeling


3.2.1. Attitude Angle Error Analysis and Modeling


Attitude angle error refers to the error in the spatial attitude of the passive docking mechanism. The passive docking mechanism was mounted on a flange plate at the end of the passive motion simulator, while the transformation of the attitude angle was achieved by the rotation of the spherical joint. Therefore, the rotation angle error of the spherical joint and coupling motion error of each rotation angle were the primary causes of the attitude angle error. The motion error of the conversion mechanism simultaneously affects the attitude angle of the docking mechanism when the composite docking test platform was free to convert between vertical and horizontal docking modes.



As shown in Figure 3, coordinate system-oxyz is established whose center was located at the centroid of the passive docking mechanism.



The docking mechanism rotates α, β, and γ around z, x, and y to successively reach   o  x ′   y ′   z ′   ; therefore, the transformation matrix of the attitude angle is:


   [     x     y     z     ]  =  [      cos γ cos α     sin α     − cos γ sin α       sin β sin α cos γ + cos β sin γ     − sin β cos α     − sin β sin α sin γ + cos β cos γ       − cos β sin α cos γ + sin β sin γ     cos β cos α     cos β sin α sin γ + sin β cos γ      ]   [      x ′       y ′       z ′      ]   



(1)







According to Formula (1) [45], under ideal conditions, the change in attitude angle attained by rotating the passive docking mechanism corresponded to the change in rotation angle at the spherical joint. Consequently, we determined a relationship between the attitude angle and the rotation angle of the spherical joint as follows:


   {      α = arctan ( tan ψ sec θ )       β = arcsin ( sin θ cos ψ )       γ = arctan (   tan φ − tan θ sin ψ   1 + tan φ tan θ sin ψ   )        



(2)







Among these were the generalized rotation angles of the simulator of passive motion as it rotated about the x, y, and z axes. Since the origins of the moving and stationary coordinate systems coincided and the axis directions coincided with the axes of the original coordinate system, Formula (2) is obtained by putting it into the space Euler angle rotation formula.



In addition, when the rotation angles of the spherical joint are in errors, the attitude angles are as follows:


   {      α = arctan [ tan ( ψ + Δ ψ ) sec ( θ + Δ θ ) ]       β = arcsin [ sin ( θ + Δ θ ) cos ( ψ + Δ ψ ) ]       γ = arctan  [    tan ( φ + Δ φ ) − tan ( θ + Δ θ ) sin ( ψ + Δ ψ )   1 + tan ( φ + Δ φ ) tan ( θ + Δ θ ) sin ( ψ + Δ ψ )    ]         



(3)







Frictional wear during the operation of the spherical joint can induce non-orthogonality between the X2, Y2, and Z2 axes depicted in Figure 2; nevertheless, Equation (3) defined the attitude error of the passive docking mechanism without taking this wear into account. We determined from the equation that the mistake has no effect, thus reducing the difficulty of assessing coupling motion errors and providing the technical foundation for future theoretical research.




3.2.2. Displacement Error Analysis and Modeling of the Double-Deck Sliding Platform


A double-deck sliding platform and a converter mechanism comprise the active motion simulator. The double-deck sliding platform was built in a cross configuration, allowing for translational mobility on both the X and Y axes. The two degrees of freedom were independent of one another. As illustrated in Figure 4, when the docking mode was changed from vertical to horizontal, the primary motion simulator moved down the V-groove track in the X direction of the OXYZ coordinate system.



The movement along the X5 and Y5 axes in the O5X5Y5Z5 coordinate system was accomplished by the motor pulling the gear rotation to drive the pinion movement. The V-shaped wheel and the roller finished off the guiding limit. During motion, resistance and resistance torque were generated by the friction between the V wheel and the roller and the guide rail, as well as the system’s inertia.



The displacement errors along the X5 and Y5 axes of the double-deck sliding platform, as depicted in Figure 5, were caused primarily by transmission errors of the rack and pinion, deformations in the guide rail, and measurement errors of the grating ruler. The transmission faults of the rack and pinion were mostly caused by manufacture and installation problems, deformations in the gear teeth under the contact force experienced during meshing transmission, etc. Changes in the gap between the indicative grating and the scale grating caused by structural errors in the system, installation errors in the roller and lug, and friction and wear on the slide rails affected the precision of the grating ruler.



Here, the rotary motion was converted to linear motion by the rack and pinion drive mechanism; furthermore, the rack and sliding platform were fixed together, and the linear displacement of the rack along the meshing line was the displacement of the sliding platform along the corresponding coordinate axis. Therefore, the linear displacement of the rack in transmission was directly reflected in the displacement error of the sliding platform; given this, the rack displacement error model was:


  Δ S =  S ′  − S  



(4)




where S and S’ indicate the theoretical and actual displacements of the gear when the gear rotated at an angle of θ1, respectively. Furthermore, rb represents the radius of the gear pitch circle, and DB and DH represent the elastic and contact deformation. The subscripts 1 and 2 were used to denote gears 1 and 2 quantities, respectively. We have:


  Δ S = (  r b   θ 1  − D  B 1  − D  H 1  +  E 1  +  E 2  − D  B 2  − D  H 2  ) −  r b   θ 1  = (  E 1  +  E 2  ) − ( D  B 1  + D  H 1  + D  B 2  + D  H 2  )  



(5)




where E1 and E2 represent the tooth profile error and tooth pitch error, respectively, of the gear and rack at the meshing point. Suppose that:


  D  B 1  + D  H 1  + D  B 2  + D  H 2  = δ  



(6)




and then Equation (5) can be expressed as:


  Δ S = E − δ  



(7)




where E is the algebraic sum of E1 and E2, and δ is the sum of the deformation of meshing teeth along the meshing line and is the position function of meshing point.



The deformation of the contact surface between the slide rail and the roller was caused by the gravities of conversion mechanism, docking mechanism, upper slide rail, and their own impacting force experienced during the docking process. When the roller passes through the slide rail deformation surface, the force diagram is as shown in Figure 6. More specifically, given that Ft was the driving force of the direction of motion, G is the vertical force of the roller, and assuming that l was the instantaneous displacement of the indicative grating along the direction of motion, then β was the angle between the slide rail and the horizontal direction after deformation, i.e.,


  β =   2 π l  L   



(8)







Here, L represents the range of the grating ruler; therefore, the measurement error of the grating ruler can be obtained as [46]:


   e β  = Δ l =  [     F t  g  G  + g sin (   2 π l  L  ) cos (   2 π l  L  ) − μ g   cos  2  (   2 π l  L  )  ]  ×  v ¯   



(9)




where   V ¯   is the motion velocity of the grating ruler.



Figure 6 illustrated the force diagram of the slide rail deformation surface, i.e., when the roller passed through this surface.



Furthermore, the displacement error model along the respective displacement direction of the double-deck slide rail was then obtained by integrating Equations (7)–(9) to yield:


  Δ ( m o v ) = ( E + δ ) +  [     F t  g  G  + g sin (   2 π l  L  ) cos (   2 π l  L  ) − μ g   cos  2  (   2 π l  L  )  ]  ×  v ¯   



(10)










4. Dynamic Analysis of the Docking Process


4.1. Contact Impact Analysis of the Docking Process


4.1.1. Modeling Contact Torque


During the docking process, attitude correction of the passive docking mechanism was implemented with the contact force and torque exerted by the locking jaw of the active docking mechanism. Therefore, it was necessary to analyze the force and torque exerted on the passive docking mechanism during the docking process.



When attitude errors existed between the active and passive docking mechanisms, the locking jaw was first contacted with the V-shaped groove surface of the passive docking mechanism in the docking process, as illustrated in Figure 7.



As shown in Figure 7a, during the docking process, there was a certain angular deviation between the active and passive motion simulators and the origin coordinate system. The hook claw completed the hugging action and adjusted the attitude deviation under the action of the three V-shaped guide grooves, and finally reached the bottom of the V-groove to complete the docking operation. In this analysis, the collision types were divided into two cases: (1) when there was a y-direction yaw angle, it was positioned as a positive collision; (2) when there was a roll angle or pitch angle, it was defined as an oblique collision. In Figure 7, F1, F2, and F3 represented the contact force exerted on the side contact point of the V-shaped groove by the three locking jaws; given this, the attitude of the passive docking mechanism was continuously changed and adjusted as the locking jaw closed in response to the contact force. Here, the trajectory of the contact point between the top of the locking jaw and the V-shaped groove surface forms an arc on the groove surface. The contact impacting force of each locking jaw can therefore be decomposed into the circumferential force perpendicular to the groove surface, the force directed toward the groove center along the groove surface, and the force directed toward the bottom surface along the groove surface.



Given that A was the initial contact point and C was the contact point between the locking jaw and the V-shaped groove when the docking was completed, then trajectory AC was the displacement vector of the jaw during the entire docking process. When the docking mechanism rotated at an angle of Δψ around the z-axis in response to the contact force, there were


     M Z  =   ∑  i = 1  3    F  i v    d i         in   the   formula       d i  = (  l  O  A i    −  v O  t ) cos (  β ′  − ψ + Δ ψ )      l  O  A i    =   a sin ψ   tan (  β ′  − ψ )   + a cos ψ      F  i v   =  F i  sin (  β ′  − ψ + Δ ψ )    



(11)







Here, Mz is the rotational torque applied on the z-axis; Fiv is the rotational force; di is the torque. As can be seen from Equation (11), when the hook moves to the position B shown in Figure 7b, the calculation of the contact force was determined by the equivalent stiffness and damping characteristics, and the hook moment was obtained. The calculation of the impact force below provided the basis.



Note that the same method can be used to determine expressions for Mx and My, which represented the rotational torques that the x- and y-axes of the passive docking mechanism exert in response to the locking jaw during the docking process.




4.1.2. Modeling Impacting Force


When an impact occurs, the contact or impacting force caused a deformation at the contact point. If δv describes the intrusive deformation between the locking jaw and the V-shaped groove surface and the matching surface of the passive docking mechanism along the normal line direction of the contact point, considering that the loss of energy in the impact is caused by the damping of material, according to Herts theory, the impacting force model is [47]:


   F v  =  K v   δ v   n v  +  C v    δ ˙  v   n v   



(12)






   K v  =   4  E 1   E 2     r 1   r 2      3 [  E 2  ( 1 −  μ 1 2  ) +  E 1  ( 1 −  μ 2 2  ) ]    r 1  +  r 2       



(13)




where E1 and E2 represent the elastic modulus of the two colliding objects, μ1 and μ2 represent Poisson’s ratio of materials, and r1 and r2 are the radii of the contact points.





4.2. Dynamic Model and Simulation Analysis of the Docking Process


The active and passive docking mechanisms are respectively installed on the active and passive motion simulator through the flange and supporting rod. Here, the passive motion simulator is the follow-up system of the passive docking mechanism during the docking process. Furthermore, the rotation and displacement are generated with the change in attitude of the passive docking mechanism in response to the contact force of the locking jaw.



During the docking process, the rotational motion of the mandrel balance assembly, spherical joint, and the end-effector take the spherical center O2 as the center of rotation. Therefore, the rotation equation of the rolling system is


    M ⇀    O 2    =   M ⇀  S  −   M ⇀  Z  −   M ⇀  P   



(14)






   T 2  =  1 2  A  P 2  +  1 2  B  r 2  +  1 2  H  q 2   



(15)







Here, P, r, and q represent the velocities of spherical joint turns around the X2, Y2, and Z2 axes, respectively.



In addition, the Nissen equations corresponding to components of the spherical joint angle are


   {        ∂  T 2    ∂  ψ ˙    − 2   ∂  T 2    ∂ ψ   =  M ψ          ∂  T 2    ∂  θ ˙    − 2   ∂  T 2    ∂ θ   =  M θ          ∂  T 2    ∂  φ ˙    − 2   ∂  T 2    ∂ φ   =  M φ         



(16)




where Mψ, Mθ, and Mφ are the components of    M   O 2      for each coordinate axis, respectively.



The dynamic differential equation of the rotational motion of the spherical joint during the docking process is


   {      ( A   sin  2  θ +  J Z  +  J P  )  ψ ¨  = ( H − 2 A sin θ )  ψ ˙   θ ˙  cos θ + H  φ ˙   θ ˙  sin θ +  M ψ  −  M φ  cos θ       A  θ ¨  = ( A − H )   ψ ˙  2  sin θ cos θ − H  φ ˙   ψ ˙  sin θ +  M θ          A H  φ ¨   sin 2  θ =  ψ ˙   θ ˙  ( A H sin θ + A H sin θ  cos 2  θ −  H 2   cos 2  θ ) −  H 2   φ ˙   θ ˙  sin θ cos θ     + ( A  sin 2  θ + B  cos 2  θ )  M φ  − H  M ψ  cos θ          



(17)







Equation (17) was obtained by Nielsen transformation of Equation (15), where JZ, JP are the rotational inertia of spherical joint and the end-effector, respectively. From Formula (17), it can be known that the above equations described the dynamic characteristics of the rolling device during the docking process, which consisted of a spherical joint, a mandrel balancing assembly, and an end-effector.



Here, the effect of the impact on the test platform was analyzed by combining with the dynamic simulation software. The effect of the impacting force on the test platform during the docking process was reflected in the change in performance of specific components in response to the impacting force. These components include the spherical joint, the mandrel, and so on. We conducted a co-simulation of the test platform and the docking mechanism by using ADAMS, a dynamic analysis software system.



Simulate the real material properties on the simulation material property settings. Ask the partner to learn that high-strength lightweight materials such as aluminum alloy and titanium alloy are used, and set their properties as material properties in the simulation.



Through the simulation, we obtained the variation of the impacting force generated during the docking process as a reference for further analysis of related components.



According to the theorem of impulse, when an impact occurs, the impacting force can be expressed as


   F I  =   m v  t   



(18)




where m is the mass of moving objects, v is the relative velocity, and t is the impacting time. Here, the impacting velocity and time both depend on the initial conditions of the docking and the retracting speed of the locking jaw. Under the vertical docking mode, the mass of the moving object is the equivalent mass of the passive motion simulator and the passive docking mechanism, but in the horizontal docking mode, the mass of moving object is only the mass of the passive docking mechanism. Hence, when the initial conditions and the retracting speed of the locking jaw are the same, the impacting force generated by vertical docking is larger, and the effect on the related components is larger. Therefore, we need only perform an analysis of impacts during the docking process in vertical docking mode. In this paper, a set of initial limit conditions are taken for co-simulation in the two docking cases of frontal impact and oblique impact, respectively. The initial conditions are shown in Table 1.



The mass and inertia characteristics of each part of the motion simulator and the docking mechanism are shown in Table 2. The data in the table are obtained from previous theoretical research and experiments [48].



The movement of the locking jaw of the active docking mechanism is realized by controlling the lifting speed of the screw-thread lifting platform. Here, the three locking jaws abide by the same law of motion. In order to make the boundary conditions closer to the follow-up experiments and the required design indicators, the speed of the upper and lower thread lifting platforms is defined as 0.01 m/s. The corresponding number of change curves under the two initial docking conditions are obtained through simulation, as shown in Figure 8 and Figure 9.



It can be seen from Figure 8a–f that the force trend of the three locking claws is almost the same. It can be seen that the three locking claws receive almost the same force at the same time. Impact force indicates that the three pawls were stable after impact for an impact from the front. It can be seen from Figure 8d that, when the platform is hit by the frontal impact, the force from the impact direction, which was the Z direction, is relatively large, which is in line with the force situation at the time of design. Although there are forces in the Y and Z directions, the force amplitude difference was not big, since the X and Y directions are on the same horizontal plane, when the spherical pair is subjected to a force in one direction, due to the action of the structure, it is bound to produce a resultant force of the same size and opposite direction, so that the whole docking mechanism can achieve balance in the horizontal direction, without overturning or horizontal translation. This indicates that the designed structure will not be subjected to too much force in individual directions to cause attitude deviation after being hit.



It can be seen from Figure 9a–c that, conversely, when an oblique impact occurs, the contact time and the contact impacting force between the three locking jaws and the V-shaped groove sides during the docking process differ, which may cause disturbances in the test platform during the docking process, as it is prone to vibration. Furthermore, the angular velocity of the spherical joint is larger than that of the frontal impact, as is each component of force; components of the impacting force between the passive docking mechanism and the upper matching surface of the active part are large, thus showing that the impacting force of an oblique impact is larger than that of a frontal impact. Here, the maximum impacting force is 280 N, which will impact the spherical joint assembly. The above analysis results provide a theoretical basis for further structure optimization.





5. Testing Method and Experimental Research on Physical Prototype of the Docking Mechanism


According to the above virtual design results, the production drawings of all parts are designed, and then the physical prototype is produced and assembled, as shown in Figure 10. According to the lightweight requirements of the prototype, the main structure is made of high-strength lightweight materials such as aluminum alloy and titanium alloy; according to the control requirements of the hook and claw, the prototype is equipped with a driver and controller to control the implementation of the hook and claw retraction action and speed parameter adjustment; according to the pressure monitoring and feedback requirements, the junction surface of the prototype is reserved and equipped with pressure sensors, which can feed back the monitored pressure parameters in real time.



The docking process of the active docking mechanism is shown in Figure 11. At the beginning of the docking, the opening radian of the hook claw is the largest. Then, guide grooves of the two locking claws are gradually closed and adjusted to correct the position deviation. Then, the passive mechanism is pulled in and locked to eliminate the attitude rotation deviation of each degree of freedom, and the motion test is completed.



The experiment is conducted according to the physical prototype test method described above, and the coaxial forward impact butt joint test is shown in Figure 12. During the test, in order to simulate the weightlessness, the gravity value of the passive mechanism is offset by adjusting the counterweight size of the lifting mechanism. At this time, the feedback value read from the sensor is the pressure value at the time of docking (the influence of gravity on the pressure at the junction surface has been ignored).



Since the theoretical value unit of the pressure feedback value is kg, in order to maintain data consistency, the reading instrument unit of the pressure sensor is adjusted to kg. The docking time and maximum grasping force of the three groups of different initial states read by the test are shown in Table 3.



Then, according to the mechanical property testing and calculation method described above, the average value of each group of data is taken as the maximum grasping force, and the maximum grasping force value is 11.12 kg. It basically corresponds to the simulation results, which verifies the rationality of the theory and simulation of the docking process.




6. Discussion


Corresponding research was carried out on the new docking mechanism and the simulation test bench for degrees of freedom. Although some research results have been achieved, there were still many issues to be further studied and explored:




	
The buffer mechanics test of the docking mechanism needs to be improved. In order to more effectively ensure the reliability of the docking mechanism, it is necessary to deeply analyze the dynamic characteristics of the buffering process to further verify the correctness of the established attitude kinematics and dynamic models; at the same time, the collision angle only considers the frontal and oblique collisions, and does not consider whether the collision in space, that is, the collision of the three axes of XYZ with a certain inclination angle will affect the stability of the entire mechanism;



	
At present, only the static analysis of the hook claw is carried out, and the dynamic analysis should be carried out in the follow-up work to fully reflect the transient deformation under force. In the low temperature of space and the change of the material in the vacuum environment, the change of the material should also be considered, and the structure will not be affected. It will cause embrittlement or even breakage due to ultra-low temperature. Should the flexible grasping robot hand be taken into consideration?



	
The research on the joint simulation experiment method in the simulated space vacuum environment still needs to be explored. The fact that no one is now operating the docking, signal transmission, whether the space robot will cause attitude deviation due to delay after receiving the signal, and how to correct the deviation are all connected. These are future things to consider.









7. Conclusions


On the base of functional requirements, in this paper, we propose a joint test configuration platform for implementing both vertical and horizontal docking. The coordinate system of the docking system is established, and the kinematics analysis of the composite docking test is carried out. At the same time, the influences of system random errors on the attitude accuracy of the motion simulator are also analyzed. Combined with the working characteristics of the three-jaw docking mechanism, we also analyzed contact impacts for both the active and passive docking mechanisms. Furthermore, we established the contact impacting force and torque models, and simulated the dynamic characteristics of our composite docking test platform during the docking process. Our analysis shows that the impacting force between the docking mechanisms is greater in the vertical docking mode. Therefore, we selected a set of initial conditions for both the frontal and oblique impact conditions, and then performed co-simulations via ADAMS. Through these simulations, we obtained the curves of the impacting force between the docking mechanisms, the angular velocity curve of the spherical joint, and the force curve under the two initial conditions during the docking process. These provide a theoretical reference for analyzing the reliability of key components.
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Figure 1. Joint assembly diagrams of the composite docking test platform, (a) vertical docking; (b) horizontal docking. 
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Figure 2. The space docking coordinate system. 
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Figure 3. Attitude transformation of the passive docking mechanism establishing coordinate system oxyz. 2. Space Space docking coordinate system. 
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Figure 4. Attitude transformation of the active motion simulator. 
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Figure 5. Structure of the double-deck sliding platform. 1. Indicative grating, 2. Scale grating, 3. V-type wheel, 4. Slide rail seat, 5. Roller, 6. Rack, 7. Pinion. 
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Figure 6. Force diagram of the slide rail deformation surface. 
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Figure 7. Illustrating the contact force between the active and passive docking mechanisms (a) analysis of forces; (b) trajectory of locking jaw. 
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Figure 8. Curves of corresponding quantities under the frontal impact (d) for locking jaw 1 (a) for locking jaw 2 (b) for locking jaw 3 (c) between the passive docking mechanism and the matching surface (e) showing the angular velocity of the spherical joint (f) spherical joint. 
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Figure 9. Curves of corresponding quantities under the oblique impact (a) for locking jaw 1; (b) for locking jaw 2; (c) for locking jaw 3 (d) between the passive docking mechanism and the matching surface; (e) showing the angular velocity of the spherical joint; (f) spherical joint. 
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Figure 10. Docking mechanism prototype. 
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Figure 11. Vertical docking test, (a) initial phase of docking; (b) claw retraction and drawing in stage; (c) docking completed. 
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Figure 12. Vertical docking test (a) test with offset of 40 mm; (b) test with offset of 30 mm; (c) test with offset of 20 mm. 
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Table 1. Initial condition of attitudes.
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	X/mm
	Y/mm
	Z/mm
	ψ/°
	θ/°
	φ/°





	Frontal Impact
	0
	0
	50
	5
	0
	0



	Oblique Impact
	40
	40
	50
	5
	5
	5
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Table 2. Characteristic parameters of mass and inertia.
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	m (Kg)
	Ix (Kg∙m2)
	Iy (Kg∙m2)
	Iz (Kg∙m2)





	Active Docking Mechanism
	12.9
	0.624
	0.827
	0.827



	Passive Docking Mechanism
	2
	0.198
	0.198
	0.285



	Mandrel Balancing Assembly
	25
	2.25
	2.25
	5.635



	End-Effector
	21.2
	1.96
	1.96
	4.79



	Rotating Hanger
	18.5
	0
	0
	3.95
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Table 3. Four groups of contact force and buffering force.
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Measured Value

	
Test Group




	
Offset 20 (mm)

	
Offset 30 (mm)

	
Offset 40 (mm)






	
Time (s)

	
120

	
122

	
125




	
Catching Force (kg)

	
11.94

	
10.08

	
11.33
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