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Abstract

:

The cascading launch and cooperative work of lander and rover are the pivotal methods to achieve lunar zero-distance exploration. The separated design results in a heavy system mass that requires more launching costs and a limited exploration area that is restricted to the vicinity of the immovable lander. To solve this problem, we have designed a six-legged movable repetitive lander, called “HexaMRL”, which congenitally integrates the function of both the lander and rover. However, achieving a buffered landing after a failure of the integrated drive units (IDUs) in the harsh lunar environment is a great challenge. In this paper, we systematically analyze the fault-tolerant capacity of all possible landing configurations in which the number of remaining normal legs is more than two and design the landing algorithm to finish a fault-tolerant soft-landing for the stable configuration. A quasi-incentre stability optimization method is further proposed to increase the stability margin during supporting operations after landing. To verify the fault-tolerant landing performance on the moon, a series of experiments, including five-legged, four-legged and three-legged soft-landings with a vertical landing velocity of −1.9 m/s and a payload of 140 kg, are successfully carried out on a 5-DoF lunar gravity ground-testing platform. The HexaMRL with fault-tolerant landing capacity will greatly promote the development of a next-generation lunar prober.
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1. Introduction


The moon is the hub and bridge between mankind and the universe, while lunar exploration is the premise and basis of deep space exploration. Nowadays, the separated design of an immovable lander and rover is still the core method of zero-distance exploration on the moon. Many countries have made world-renowned achievements such as the Soviet/Russian Luna-9 [1], the first lander to achieve lunar soft-landing, which absorbs impact energy using four airbags; American Surveyor-1 [2], the first legged lander to reach the lunar surface, which uses three three-branch buffered legs filled with aluminum honeycomb material, providing technical support for Apollo program [3]; Chinese Chang’e 4 [4] reaches the far side of the moon first, which utilizes four similar buffer legs. Notably, all these landers are immovable and are designed to help the rover finish landing, so their exploration capacity is restricted to around the fixed landing site. Two kinds of rover are applied to expand the exploration range, one is a manned lunar rover, like LRV [5], which can carry up to two astronauts, another is the unmanned wheeled rover, like Yutu 1 & 2 [4,6], which can maneuver quickly with scientific instruments. However, the separated design of the lander and rover creates a heavy and complex prober system. The rover only executes exploration in a circle district with the lander as the center and the safety distance as the radius.



Thanks to excellent traversing performance on irregular terrain [7,8], legged robots are promising to accomplish lunar exploration compared with a wheeled rover. On the one hand, the leg form is utilized in most existing landers, though they lack mobility on the lunar surface. On the other hand, legged robots are well designed in many fields such as running robots, Bigdog [9], Cheetah-3 [10] and Anymal [11,12]; underwater robots, Crabster [13,14]; heavy-duty robots, Octopus [15]; and exploration robots, Athlete [16], Spaceclimber [17] and Spacebok [18,19]. Furthermore, to combine the excellent speed performance for wheeled robots on even terrain and a great adaptive capacity for legged robots on irregular terrain, the wheel-legged robot [20] adopted a hierarchical framework to control wheel and leg motions; this has drawn a lot of researcher attention. Nevertheless, the current legged or wheel-legged robots are difficult to directly apply to lunar exploration. The hydraulic actuator is widely employed in HyQ2Max [21] or Bigdog [9] to obtain high explosive torque, which is infeasible for extraterrestrial exploration. The leg layout of a running robot cannot withstand the landing impact in all directions. The buffer capacity of the current robot is relatively weak, so the engine nozzle under the lander body will be easily damaged for colliding with the ground.



We have designed a six-legged movable repetitive lander “HexaMRL” in previous work to integrate the function of both lander and rover. IDUs are used to simulate the dynamic characters of an active dissipative system of spring and dampener by impedance control to achieve a buffered landing and protect the leg structure, different from the irreversible deformation of aluminum honeycomb material after landing [22,23,24]. Hence, the lander can still execute locomotion as a rover. After exploration at a current landing site, it can fly to the next landing site using the engine and repetitively perform buffered landing tasks. This new exploration mode will significantly increase the utilization rate of an individual prober on the moon and greatly extend the exploration district. However, the repetitive work mode has higher requirements for the quality and fault-tolerant landing capacity of the lander.



In the harsh lunar environment (i.e., intense radiation, large temperature difference and ultravacuum), it is hard to repair with the remote operation if some failures occur on the IDUs. Fault-tolerant control (FTC) for the robot has attracted great attention all over the world and is pivotal for the prober to execute exploration tasks. Nowadays, FTC is generally achieved by the following three methods. Firstly, multiple drives are used in the active joints; for example, Zhang et al. [25] employ dual-input/single-output (DISO) to drive the servo press machine. Secondly, the parallel robot could use a redundant drive [26] to eliminate singularities in the workspace. The third one is to increase the DoF of robot end-effector, such as the Canadian space station’s remote manipulator system (SSRMS) [27], which adopted seven series joints to improve the workspace. However, the above FTC relies on more drives or more complex mechanisms, which will increase the system mass and complexity that are difficult for the lander to accept. Furthermore, fault-tolerant landing is not generally considered in current landers because most of the existing landers are three-legged or four-legged, which constructively lack fault-tolerant landing capacity when one leg fails. For a three-legged lander like Surveyor-1, the remaining two legs cannot support the lander. As for four-legged landers like Apollo 11 [3] or Chang’e 3, 4, & 5 [4,6,28], the center of mass of the lander will move to the side of the supporting triangle constructed by the remaining three legs, leading to a failed buffer landing on the uneven lunar surface. Therefore, hard strict standards are required for the manufacture and control of such landers and would be abandoned if any failures occur.



The six-legged design in HexaMRL makes the fault-tolerant soft-landing feasible without any supplement of drivers or mechanisms. In this paper, we have systematically studied the fault-tolerant soft-landing performance on the moon for HexaMRL. Firstly, we analyze the classification and stability of the landing configuration and establish the relationship between fault number and landing configuration by the synthesis equation. Secondly, regarding stable configuration, the corresponding fault-tolerant landing algorithms are designed to achieve a buffered landing, and a quasi-incentre stability optimization method is further proposed to increase the stability margin during supported operations. Thirdly, to verify the fault-tolerant landing on the moon, a series of experiments including five-legged, four-legged and three-legged soft-landing with a vertical landing velocity of −1.9 m/s and a payload of 140 kg are successfully carried out on a 5-DoF lunar gravity ground testing platform.



The rest of the paper is organized as follows. Section 2 introduces the lander system. The landing configuration is analyzed in Section 3. Section 4 and Section 5 design the fault-tolerant algorithm and optimize the stability margin in supporting the operations, respectively. Section 6 clarifies the fault-tolerant landing experiments, and Section 7 discusses the experiment results. The last section is the conclusion and its expansion.




2. Lander System


The HexaMRL is composed of six identical legs that adopt a hybrid mechanism actuated by three IDUs. During buffer landing, each IDU imitates the dynamic characters of both spring and damper. If some errors occur in the IDUs of the leg under the harsh lunar environment, the leg residual mobility capacities are a great variant in different fault combinations.



2.1. HexaMRL


As shown in Figure 1 the HexaMRL is designed to execute repetitive soft-landing and roving for lunar exploration. Its size is about 1.35 m long, 0.94 m wide and 0.75 m high; it weighs 60 kg, including a 20 kg aluminum shell. The robot consists of a body and six identical legs. Each leg is composed of side IDU, thigh IDU, shank IDU, thigh, rocker, connecting link, sole and shank. All legs are connected to the body that carries the controller, inertial measurement unit (IMU), power system, sensing system, payloads, etc.



The leg distribution design needs to meet landing and roving functions simultaneously. On the one hand, to withstand the impact force uniformly during buffer landing, all legs are arranged as an equilateral polygon like a regular triangle in Surveyor-1 [2] or Square in Apollo program [3] and Chang’e series [4,6,28]. As for the six-legged lander, the angular interval between adjacent legs should be 60°. On the other hand, to achieve quick locomotion, all legs will be laid out in a slender shape as in animals like the cheetah, lion or goat, like the hexapod robot RHex [29] or TUM-walking machine [30]. Eventually, as illustrated in Figure 2, the angle between leg 2 and leg 3 is designed to be 54.2°. Leg 1 (or 2) and leg 5 (or 4) are symmetric about axis-x, while leg 1 (or 5) and leg 2 (or 4) are symmetric about axis-y.




2.2. Leg Mechanism


The leg mechanism is presented in Figure 3. It has three active DoFs that are actuated by side IDU, thigh IDU and shank IDU to control the mobility of the rocker, thigh and shank, respectively. Let   q =        α   β   γ       T    denote the generalized coordinate vector where  α ,  β  and  γ  are the joint angles of the side, thigh and shank, respectively. The tiptoe position    P  t i p     in the leg coordinate frame can be obtained as follows:


   P  t i p   =        l t  c o s β +  l s  c o s γ       c o s α    l t  s i n β +  l s  s i n γ         s i n α    l t  s i n β +  l s  s i n γ          



(1)




where    l t    and    l s    are the length of the thigh and shank, separately.



The IDU consists of an encoder, servo motor, torque sensor, harmonic reducer, shell, coupler, bearing, etc. During buffer landing, each IDU imitates the dynamic characters of an active torsion spring and an active torsion damper by the impedance control method, whose control rule can be written as follows:


   τ  a c t   −  τ  d e s   =  K a     φ  d e s   −  φ  a c t     +  B a      φ ˙   d e s   −   φ ˙   a c t      



(2)




where    τ  a c t     and    τ  d e s     are the actual torque and desired torque of IDU,    K a    and    B a    are the coefficients of stiffness and damping of active compliance,    φ  d e s     and    φ  a c t     are the desired angle and actual angle of the active joint,     φ ˙   d e s     and     φ ˙   a c t     are corresponding angular velocity.




2.3. Leg Residual Capacity


In order to reduce the rocket size, all legs need folding, as in Figure 4a, for compact volume when launched from Earth. Before the buffer landing on the moon, all legs need to deploy from the folded state, as in Figure 4b, to obtain better supporting stability and a larger buffer stroke. Since the mobility demand before and after the deploying task is not the same, the fault-tolerant landing capacity is significantly different as well.



Here, because the capacities of fault-tolerant are different, we use LB and LA to distinguish the time of fault occurrence on side IDU before and after deploying operation. On the contrary, as for the thigh or shank IDU, distinguishing separate failure times is unnecessary due to them having the same capacities. The normal IDU of the thigh or shank is denoted by N, while the failed IDU is represented by L. When some IDUs are failed, the residual workspaces are illustrated in Figure 5. There are four cases when one IDU fails. Firstly, if the side IDU fails after deploying, and the other two IDUs are normal, this case can be denoted by LANN. Its residual workspace is the purple vertical plane, and the mobility character is expressed as    G F  I I     0 ,    R β  , 0 ;  T a  , 0 , 0     by    G f    theory [31]. Where    R β    and    T a    are the swing movement and the stretching/shrinking movement in the leg sagittal plane. Secondly, if the side IDU fails before deploying and the other two IDUs are normal, denoted by LBNN, the residual workspace is the blue horizontal plane, and the mobility character is expressed as    G F  I I     0 ,    R β  , 0 ;  T a  , 0 , 0    . Thirdly, if the thigh IDU fails, denoted by NLN, the residual workspace is the red surface, and the mobility character is expressed as    G F  I I      R α  ,    R β  , 0 ; 0 , 0 , 0     where    R α    is the abduction/adduction movement. Lastly, if the shank IDU fails, denoted by NNL, the residual workspace is the green surface, and the mobility character is expressed as    G F  I I      R α  ,    R β  , 0 ; 0 , 0 , 0    . There are five cases if two IDUs fail, separately denoted by LBNL, LBLN, NLL, LANL and LALN. Their residual workspaces are the dotted curves of green, blue, red, black and purple; their corresponding mobility characters are expressed as    G F  I I     0 ,    R β  , 0 ; 0 , 0 , 0     or    G F  I I      R α  ,   0 , 0 ; 0 , 0 , 0    . There are two cases if all three IDUs fail, denoted by LBLL and LALL; their residual workspaces are a fixed point of black and red while the mobility characters are    G F I    0 ,   0 , 0 ; 0 , 0 , 0    .



Noticeably, the lander must possess the up/down movement character during the buffer landing period. Therefore, only the fault case LANN satisfies the mobility demand and has the fault-tolerant landing capacity, further symbolized as   E  1 1   . The other three cases with one fault don’t have fault-tolerant landing capacity and are symbolized as   E  1 2   , uniformly. All cases with two or three faults cannot finish fault-tolerant landing, so the fault time before or after deploying operation will not be distinguished, and the symbol LA or LB will be replaced by L. Finally, the two faulted IDUs cases are denoted as E2, while the three faulted IDUs case is written as E3. The detailed fault-tolerant capacity of the leg is shown in Table 1.





3. Landing Configuration Analysis


When more than one IDU fails, different legs may be involved, and their spatial distribution will affect the landing performance. The landing performance will be determined by the configuration that consists of the supporting polygon of the foothold of the remaining normal legs and the position of the lander’s center of mass. The stabilities in landing configurations are different, and we systematically assess this by the dimensionless index   S A I  . Then, we establish a synthesis equation to deduce all possible configurations under a certain number of failed IDUs.



3.1. Classification


Specifically, we need to consider the equivalent leg when the landing configurations are analyzed. As shown in Figure 2, all legs have different effects on landing performance because their interval angles are not equal to 60°. However, legs 1, 2, 4 and 5 are a group of equivalent legs while legs 3 and 6 are the other group, and the influence of equivalent legs on landing performance is the same.



Noticeably, there are three basic properties for landing configuration. (1) The landing performance is different if the landing configuration is different. (2) The configuration is the same if one equivalent leg fails, e.g., leg 1 or 2 failed. (3) If configuration 1 coincides with configuration 2 after rotation and symmetry operations, the two configurations are considered the same, e.g., legs 1 and 3 or legs 3 and 6.



The classification of landing configuration is shown in Figure 6. The red point denotes the center of mass, while the purple points express the footholds. The solid purple lines illustrate the leg position, while the blue dotted lines show the body contour. The supporting polygon constructed by the footholds of remaining normal legs is denoted by the green plane. The relationship between the normal supporting leg and landing configuration is illustrated in Table 2. As for six-legged landing, there is only one configuration (   C 6 6  = 1  ) called VI-1. As for five-legged landing, there are six configurations (   C 6 5  = 6  ) that are further divided into two groups: V-1 includes supporting leg 2-3-4-5-6, 1-3-4-5-6, 1-2-3-5-6 and 1-2-3-4-6; V-2 consists of supporting leg 1-2-4-5-6 and 1-2-3-4-5. As for four-legged landing, there are fifteen configurations (   C 6 4  = 15  ) that are detailly classified into six groups: IV-1 includes supporting leg 3-4-5-6 and 1-2-3-6; IV-2 includes supporting leg 2-4-5-6, 1-3-4-5, 1-2-4-6 and 1-2-3-5; IV-3 includes supporting leg 2-3-5-6 and 1-3-4-6; IV-4 includes supporting leg 2-3-4-6 and 1-3-5-6; IV-5 includes supporting leg 2-3-4-5, 1-4-5-6 and 1-2-5-6; IV-6 includes supporting leg 1-2-4-5. As for three-legged landing, there are twenty configurations (   C 6 3  = 20  ) categorized in six groups: III-1 includes supporting leg 1-2-3, 1-2-6, 3-4-5 and 4-5-6; III-2 includes supporting leg 1-2-4, 1-2-5, 1-4-5 and 2-4-5; III-3 includes supporting leg 1-3-4, 1-4-6, 2-3-5 and 2-5-6; III-4 includes supporting leg 1-3-5 and 2-4-6; III-5 includes supporting leg 1-3-6, 2-3-6, 3-4-6 and 3-5-6; III-6 includes supporting leg 2-3-4 and 1-5-6. Here, the analysis of configuration consisting of one or two legs is omitted because the lander cannot finish a fault-tolerant landing.




3.2. Stability


The influence of different configurations on landing stability is determined by the shortest distance from the ground projection point of the center of mass to each side of the supporting polygon ( d ) and the area of the supporting polygon ( S ). The dimensionless index   S A I   is proposed to evaluate the stability of each configuration and is written as follows:


  S A I =  d   d  V I     ∗  S   S  V I      



(3)




where    d  V I     and    S  V I     are the values of  d  and  S  in normal six-legged landing configuration VI, respectively. If the center of mass is within the supporting polygon, then   d > 0  . On the contrary,   d < 0  .



Eventually, the   S A I   value in each configuration can be calculated because the legs are deployed to the predetermined position from the folded status for the buffer landing. According to the   S A I  , the configuration stabilities will be divided into three statuses: stable, critical stable and unstable, and can be written as follows:


  S S =       S t a b l e    S  ,       i f   S A I > 0 ;       C r i t i c a l   S t a b l e     C S   ,       i f   S A I = 0 ;       U n s t a b l e     U S   ,       i f   S A I < 0 .        



(4)







As seen in Table 3, the stable configurations have eight cases: VI-1, V-1, V-2, IV-2, IV-3, IV-4, IV-6 and III-4, in which the robot can execute fault-tolerant landing. The critical stable configurations have five cases: IV-1, IV-5, III-2, III-3 and III-5. In these cases, the robot can only perform soft-landing if the landing site is absolutely even. The unstable configurations include III-1 and III-6. Owing to the irregular lunar surface, the lander cannot finish soft-landing under both critical stable and unstable configurations.




3.3. Relationship between Fault Number and Configuration


When the number of faulted IDUs is    N m   , all the possible configurations will be concluded by the following equation:


           ∑   i = 1  3    N i  · i =  N m           ∑   i = 1  3    N i  =  N L         



(5)






  s . t .         0 ≤  N L  ≤ m i n   6 ,    N m          0 ≤  N m  ≤ 18       0 ≤  N i  ≤ 6 ,   i = 1 ,   2 ,   3        



(6)




where    N i    is the number of legs with i faulted IDUs,    N L    is the total number of failed legs. The solve set          N 1  ,      N 2  ,      N 3          illustrates the faults distribution. Considering the fault-tolerant capacity of a single leg in Table 1, we can get the possible configuration details. When    N m    is 1, the solve set is         1 ,     0 ,    0       . The landing configuration is VI if the failed leg is   E  1 1   . On the contrary, the landing configuration is V if the failed leg is   E  1 2   . Similarly, when    N m    is 2, there are two solve sets. Different fault leg groups will result in VI, V, or IV configuration. Table 4 lists all possible landing configurations when the number of faulted IDUs is less than seven. Lastly, we can get landing configuration type II by substituting the number of failed legs into Table 2. If the faulted number is more than six, the combination results can be obtained by the above Equations (5) and (6), similarly.





4. Fault-Tolerant Landing Algorithms


During the buffer landing period, the force and torque equations of the lander can be written as:


         F  e z   =  m b  g +    ∑   i = 1  N    F  g i z          τ  e x y   =    ∑   i = 1  N      r c  +  r  b f i     ×  F  g i z          



(7)




where    m b    is the mass of the lander,  g  is the gravity acceleration on the moon,  N  is the number of normal supporting legs,    F  g i z     is the vertical supporting force of the i-th leg,    r c    is the vector from the center of mass to the origin    O b    of the body coordinate frame,    r  b f i     is the vector from    O b    to the i-th foothold,    F  g i z   =        0   0     F  g i z          T    is the vector form of    F  g i z    ,    F  e z     and    τ  e x y   =          τ  e x        τ  e y          T    are dividedly the resultant force and torque.



By adjusting the leg force    F  g i z    , we can control the stable body states. After landing, we desire a constant body height and a horizontal body plane. The    F  e z     will be set to zero and the    τ  e x y     will be employed to control the angle deviation of pitch and roll. The PID controller will generate the adjusted torque in real-time. Considering the desired stable values of angle and angular velocity are zero, the    τ  e x y     will be calculated from the following equation:


         τ  e x   = −  k  p x    θ  r a   −  k  d x     θ ˙   r a   −  k  i x    ∫   θ  r a   d t        τ  e y   = −  k  p y    θ  p a   −  k  d y     θ ˙   p a   −  k  i y    ∫   θ  p a   d t        



(8)




where    k  p x    ,    k  d x    ,    k  i x    ,    k  p y    ,    k  d y     and    k  i y     are the proportional, integral and derivative gains in the x-axis and y-axis, respectively.    θ  r a     and    θ  p a     are the actual angles of roll and pitch.     θ ˙   r a     and     θ ˙   p a     are the corresponding velocities.



4.1. VI Configuration


In six-legged normal soft-landing, the force/torque balance equations can be written as follows in matrix form by substituting Equation (8) and    F  e z   = 0   into Equation (7).


     [     1   1   1   1   1   1       r  c y   +  r  b f 1 y        r  c y   +  r  b f 2 y        r  c y   +  r  b f 3 y        r  c y   +  r  b f 4 y        r  c y   +  r  b f 5 y        r  c y   +  r  b f 6 y          r  c x   +  r  b f 1 x        r  c x   +  r  b f 2 x        r  c x   +  r  b f 3 x        r  c x   +  r  b f 4 x        r  c x   +  r  b f 5 x        r  c x   +  r  b f 6 x        ]  ·   [       F  g 1 z          F  g 2 z          F  g 3 z          F  g 4 z          F  g 5 z          F  g 6 z        ]    =  [      −  m b  g        τ  e x          τ  e y        ]    



(9)







However, Equation (9) is an indeterminate equation group and has numerous solutions. It is time-consuming to solve the generalized inverse matrix in a real-time system. Here, a virtual three-legged supporting method (VTLSM) is proposed to allocate the adjusted force    F  g i z     quickly. As illustrated in Figure 7, we divide the six supporting legs into two groups: leg 1-3-5 supporting (group A) and leg 2-4-6 supporting (group B). During buffer landing, the legs of each group provide half the adjusted force and torque. Then Equation (9) can be rewritten as follows:


       1   1   1       r  c y   +  r  b f k y        r  c y   +  r  b f m y        r  c y   +  r  b f n y          r  c x   +  r  b f k x        r  c x   +  r  b f m x        r  c x   +  r  b f n x         ·        F  g k z   k m n          F  g m z   k m n          F  g n z   k m n         =  1 2        −  m b  g        τ  e x          τ  e y          



(10)




where  k ,  m  and  n  are the number of supporting legs in each group. Particularly,    k = 1  ,   m = 3   and   n = 5   in group A while   k = 2  ,   m = 4   and   n = 6   in group B. Lastly, the indeterminate Equation (9) is transformed into a two determinate Equation (10) that will generate the adjusted foot force    F  g i z     easily in real-time by solving the inverse matrix of a 3 × 3 matrix.



The desired torque of the joint impedance controller in Equation (2) comes from the following equation:


   τ  d e s   = J    q   f  − 1    F g   



(11)




where    F g  =        0   0     F  g z          T    is the vector form of adjusted leg force and   J    q   f    is the force Jacobian matrix.




4.2. V Configuration


As for five-legged landing, the 3 × 6 coefficient matrix in Equation (9) will be transformed into a 3 × 5 matrix that is still indeterminate. Here we chose configuration V-2 to illustrate the allocated process of leg forces. The force/torque balance equations are written as:


       1   1   1   1   1       r  c y   +  r  b f 1 y        r  c y   +  r  b f 2 y        r  c y   +  r  b f 3 y        r  c y   +  r  b f 4 y        r  c y   +  r  b f 5 y          r  c x   +  r  b f 1 x        r  c x   +  r  b f 2 x        r  c x   +  r  b f 3 x        r  c x   +  r  b f 4 x        r  c x   +  r  b f 5 x         ·        F  g 1 z          F  g 2 z          F  g 3 z          F  g 4 z          F  g 5 z         =       −  m b  g        τ  e x          τ  e y          



(12)







The VTLSM will be again used to quickly solve the foot force. There are ten virtual triangles (   C 5 3  = 10  ) constructed by any three supporting legs. They are divided into two cases according to the ground projected position of the center of mass of the lander. If this point is inside the virtual supporting triangles, these triangles are valid, and the number of them is    N v   . On the contrary, if the others are invalid and their number is    N i   . The supporting legs of the valid triangle are leg 1-2-4, leg 1-2-5, leg 1-3-4, leg 1-4-5, leg 2-3-5 and leg 2-4-5, while the ones of the invalid triangle are leg 1-2-3, leg 2-3-4 and leg 3-4-5. Then the    N v    is seven and    N i    is three. Meanwhile, the Equation (10) is modified as follows:


       1   1   1       r  c y   +  r  b f k y        r  c y   +  r  b f m y        r  c y   +  r  b f n y          r  c x   +  r  b f k x        r  c x   +  r  b f m x        r  c x   +  r  b f n x                F  g k z   k m n          F  g m z   k m n          F  g n z   k m n         =  1   N v          −  m b  g        τ  e x          τ  e y          



(13)







Noticeably, the i-th supporting leg provides adjusted force in multiple valid triangles, so we will obtain the eventual foot force by the following sum operation:


  {      F  g 1 z   =  F  g 1 z   124   +  F  g 1 z   125   +  F  g 1 z   134   +  F  g 1 z   135   +  F  g 1 z   145          F  g 2 z   =  F  g 2 z   124   +  F  g 2 z   125   +  F  g 2 z   235   +  F  g 2 z   245          F  g 3 z   =  F  g 3 z   134   +  F  g 3 z   135   +  F  g 3 z   235          F  g 4 z   =  F  g 4 z   124   +  F  g 4 z   134   +  F  g 4 z   145   +  F  g 4 z   245          F  g 5 z   =  F  g 5 z   125   +  F  g 5 z   135   +  F  g 5 z   145   +  F  g 5 z   235   +  F  g 5 z   245        



(14)







In configuration V-1, we will just change the leg number to 2, 3, 4, 5 and 6. Then the adjusted force can be found by the similar Equations (13) and (14). The detailed classification of the virtual supporting triangle is listed in Table 5.




4.3. IV and III Configurations


As for four-legged landing, the 3 × 6 coefficient matrix in Equation (9) will be transformed into a 3 × 4 matrix. For example, in IV-2 configuration, the force/torque balance equations are written as:


       1   1   1   1       r  c y   +  r  b f 2 y        r  c y   +  r  b f 4 y        r  c y   +  r  b f 5 y        r  c y   +  r  b f 6 y          r  c x   +  r  b f 2 x        r  c x   +  r  b f 4 x        r  c x   +  r  b f 5 x        r  c x   +  r  b f 6 x         ·        F  g 2 z          F  g 4 z          F  g 5 z          F  g 6 z         =       −  m b  g        τ  e x          τ  e y          



(15)







Similarly, we utilize the VTLSM to calculate the adjusted leg force in real-time. The classification of the virtual supporting triangle is listed in Table 6.



As for three-legged landing, the 3 × 6 coefficient matrix in Equation (9) will be transformed into a 3 × 3 matrix. For configuration III-4, the equation is written as follows:


       1   1   1       r  c y   +  r  b f 1 y        r  c y   +  r  b f 3 y        r  c y   +  r  b f 5 y          r  c x   +  r  b f 1 x        r  c x   +  r  b f 3 x        r  c x   +  r  b f 5 x         ·        F  g 1 z          F  g 3 z          F  g 5 z         =       −  m b  g        τ  e x          τ  e y          



(16)







Then we can get the adjusted force directly by solving the inverse matrix without the usage of VTLSM.





5. Quasi-Incentre Stability Optimization


After buffer landing, the normal legs need to support the lander to finish the sampling task using the drill or spoon mounted on the body. If the fault does not occur, the ground projected point just locates on the center of the hexagon constructed by all leg footholds. In this case, the robot has the largest stability margin without adjustment demand for the center of mass. However, if several IDUs have failed, the old center of the hexagon does not coincide with the new center of the supporting polygon constructed by the remaining normal leg footholds. We should find a new center that maximizes the supporting stability margin.



5.1. Quasi-Incentre Definition


Here, we define the target center as a quasi-incentre that satisfies the following two/s: firstly, the sum value of distance (   d i   ) between this point and any sides of the supporting polygon is the maximum; secondly, all the distances    d i    should be as consistent as possible. Specifically, for regular polygons, the quasi-incentre is the center of the inscribed circle. As for the regular triangle, the quasi-incentre is just the incentre.



According to the definition of quasi-incentre, we can search the target point    q    ∗     by the following function:


  min   f  q  =  w 1  ·   ∑   i = 1  n   1   d i    +  w 2  ·   ∑   i = 1  n       d i  −  d  m a x        d  m a x      



(17)




where   n   is the number of normal supporting legs,    d  m a x     is the maximum distance between all    d i   ,    w 1    and    w 2    is the weight coefficients,     ∑   i = 1  n   1   d i      illustrates the first demand while     ∑   i = 1  n       d i  −  d  m a x        d  m a x       denotes the second demand.




5.2. Quasi-Incentre Searching


Particle Swarm Optimization (PSO) algorithm [32,33] is widely used in function optimization because it is simple to implement and has fewer adjusting parameters. In this algorithm, each particle possesses attributes of position and velocity. They are updated according to the following equation:


   v i    k + 1   =  v i   k  +  c 1  · r a n d     ·   P o p  t i   k  −  x i   k    +  c 2  · r a n d     ·   W o p  t     k  −  x i   k     



(18)






   x i    k + 1   =  x i   k  +  v i    k + 1    



(19)




where    x i   k    and    x i    k + 1     are the position of the i-th particle at the k-th and (k + 1)-th iteration,    v i   k    and    v i    k + 1     are the corresponding velocity,   r a n d       is the random number between zero and one,   P o p  t i   k    is the best position of i-th particle,   W o p  t     k    is the best position of the swarm,    c 1    and    c 2    are the learning factors. The actual particle velocity satisfies the following limits:


   v i    k + 1   =              v  m a x   ,   i f    v i    k + 1   ≥  v  m a x   ;       −  v  m a x   ,   i f    v i    k + 1   ≤  v  m a x   ;        v i    k + 1   ,       e l s e .        



(20)




where    v  m a x     is the maximum of the searching velocity.



5.2.1. Searching in V Configuration


During five-legged landing, V-1 and V-2 are stable configurations. Here, we chose the V-2 configuration as the searching example. As shown in Figure 8, the numbers 1, 2, 3, 4, 5 and 6 denote the foothold positions of normal landing. All the particle positions at k-th iteration are expressed by the blue circles. The red star is the center of the hexagon that is constructed by all leg footholds and represented by the red dotted line. The new supporting polygon constructed by normal legs is expressed by the solid green line. Each subgraph is arranged in an increment of 5 iterations. At the first iteration, all the particles are scattered in the supporting plane. After 21 iterations, they are quickly concentrated into a small circular area. Then the particles slowly converge to the optimal position.



A similar process of particle convergence can also be found in the curve of target function value vs. iterations in V-2 configuration (Figure 9). At the first iteration, the function value is a larger number of 2.856. After a quick descent, it becomes a relatively stable value at the thirteenth iteration. Lastly, the value converges to a stable value of 1.692.




5.2.2. Searching in IV Configuration


During four-legged landing, the stable configurations are IV-2, IV-3, IV-4 and IV-6. Here, we take the IV-2 configuration as an example to illustrate the converge process. Figure 10 shows the particle evolution process in IV-2 configuration. All particles are distributed in the supporting plane at the first iteration. After a quick evolution process, they concentrate on a small circle district, then converge to the optimal position with slow velocity.



At the same time, the converged process is detailly illustrated in the curve of target function value vs. iterations in IV-2 configuration (Figure 11). The initial target function value is 2.124 at the first iteration. After 23 iterations, it reduces to 1.839 rapidly. Eventually, the value converges to the stable value of 1.834 at a slow velocity.




5.2.3. Searching in III Configuration


In a three-legged landing, the stable landing configuration is III-4. As is well-known, the triangle must exist in the center. In the III-4 configuration, its incentre coincides with the old center of the normal supporting hexagon and is set as the origin of the world coordinate frame. It is not necessary to search the quasi-incentre by the PSO algorithm. However, we can verify the target position obtained in the PSO algorithm by comparing it with the incentre. Here, we chose the III-3 configuration to check the searching result. The particle evolution process is shown in Figure 12. The green star is the theoretical incentre of the supporting triangle. After 31 iterations, the scattered particles concentrate to the incentre quickly and are limited in a small circle. Then they converge to the optimal position with a slow velocity.



As shown in Figure 13, the curve of the target function value vs. iterations in the III-4 configuration can be divided into three terraces. The first terrace is the period from the first iteration to the fourth iteration; the second one is from the fifth iteration to the nineteenth iteration, while the third one is from the twentieth iteration to the final iteration. The corresponding function value reduces from initial 0.1302 to 0.0055, then to zero. The target function value of zero means that the distances between optimal position and any sides of the supporting triangle are equal, and the quasi-incentre is the incentre. Noticeably, we only use the second part in Equation (17) to achieve the searching in a supporting triangle while the weight coefficient of the first part is zero (   w 1  = 0  ).






6. Experiments


In order to verify the fault-tolerant landing, we design a 5-Dof lunar gravity ground testing platform to provide the experiment scene. There were a series of experiments for stable configurations, including the five-legged, four-legged and three-legged soft-landing experiment conducted to verify the fault-tolerant landing capacity on the platform.



6.1. Experiment Platform


Figure 14a shows the detailed components, while Figure 14b expresses the construction of the counterweight system. The simulation capacity of the platform includes vertical movement  z , horizontal  x , and 3-Dof spatial rotation of    R x   ,    R y    and    R z   . The design principle of counterweight is to make that the resultant force for the lander system in the vertical direction is equal to the one on the lunar surface by trickily dividing the load weight into two parts of counterweight one and counterweight two. In the experiments, we would simulate the soft-landing with a load of 140 kg on the Moon, which means the total mass (   m t   ) including lander and load is 180 kg, the counterweight one mass is 75 kg while the counterweight two mass is 65 kg.




6.2. Five-Legged Landing


As shown in Figure 15, the lander adopts V-2 configuration to finish soft-landing while the other configuration can bring out similar results. No. 01 is the initial position. No. 02 and No. 03 are declining in the air. No. 04 is the moment of full-touching with the ground. No. 05 is compressing to the lowest position (No. 06). After a damped vibration, the body reaches the stable position No. 10.



Owing to the non-centrosymmetric pentagon constructed by the normal supporting leg, the difference of joint torques is great. As illustrated in Figure 16, the maximum of peak joint torques in each leg occurs in leg 1 while the minimum occurs in leg 2. The torque changes dramatically at the moment of touching the ground. The thigh peak torque is 203.7 Nm, while the shank peak torque is −84.14 Nm in leg 1. As for leg 2, the thigh peak torque is 115.1 Nm, while the shank peak torque is −72.47 Nm. The side joint torques are always small. After about a 2 s fluctuation, all joint torques reach a low, stable value. The curves of body angles are shown in Figure 17a. The fluctuation ranges are −1.8~0° and −7.98~1.13° for roll and pitch angles, respectively. The curves of position and velocity of the body are seen in Figure 17b. The lander touches the ground with a maximum velocity of −1.9 m/s in the z-direction. Next, the body continues to fall with a deceleration. After 0.36 s, the body velocity reduces to zero, and the body reaches the lowest position. Owing to the overturning force/torque caused by eccentricity, extra maximum velocities of 0.355 m/s and 0.04 m/s in the  x  and  y  direction are generated. Eventually, the body reaches a stable state after a damping vibration of 1.8 s.




6.3. Four-Legged Landing


Here, we chose the IV-6 configuration as the example to present the four-legged soft-landing. As shown in Figure 18, the buffer process in four-legged landing is similar to the one in five-legged landing. No. 01, No. 04, No. 06 and No. 10 are the initial position, touching ground moment, lowest position, and stable position, respectively.



Thanks to the centrosymmetric supporting rectangle, all curves of joint torque in each leg are basically the same. The maximum peak torque occurs in leg 4. As illustrated in Figure 19, the thigh peak torque is 175.2 Nm, while the shank peak torque is −98.39 Nm. At the moment of touching the ground, the torques of the thigh or shank and the angles of roll or pitch change greatly. As expressed in Figure 20, the maximum roll angle is −1.46° while the one of pitch angle is −0.93°. The touching ground velocity is the same as the one in a five-legged landing, but the fluctuation time is shorter and lasts about 1.6 s. The extra horizontal velocities in the  x  and  y  direction are almost zero because of the excellent symmetry of the supporting polygon.




6.4. Three-Legged Landing


As for three-legged landing, there is only one stable configuration denoted by III-4. Figure 21 shows the fluctuation process with damping vibration. The curves of joint torque in each leg are almost consistent, and the maximum peak torque occurs in leg 1. As illustrated in Figure 22, the thigh peak torque is 184.7 Nm, while the shank peak torque is −78.57 Nm. The fluctuation ranges of the angles of roll and pitch are −1.26~0.53° and −1.16~1.08° in Figure 23a, respectively. The maximum velocity in the z-direction is −1.9 m/s at the moment of touching the ground. The body velocity reduces to zero and reaches the lowest position after 0.416 s. Lastly, the body keeps a stable height by a damping vibration of about 2 s.





7. Discussion


As shown in Table 7, the soft-landing performances in different landing configurations with the same touch-ground conditions are obviously numerous. While the number of supporting legs has a great influence on landing performance, the spatial distribution of normal legs also plays an important role. In the four-legged and three-legged landing, all normal legs are evenly distributed, which generates almost no derivative velocity and results in a small angle derivation of roll and pitch (  ≈ ± 1.5 °  ). Thanks to more normal legs, the peak torque is smaller, and the damping vibration duration is shorter in four-legged landing than the ones in three-legged landing. As for five-legged landing, this case has the most supporting legs than three/four-legged landing, but its landing performance is not very great due to the terrible non-centrosymmetric distribution of normal legs. The indexes of peak torque and angle derivation in five-legged landing are worse than the ones in the centrosymmetric configuration, like four/three-legged landing. Furthermore, a derivative velocity of 0.355 m/s and 0.04 m/s in the x and y direction is separately generated due to the large angle derivation. Thanks to more supporting legs, the damping vibration duration in a five-legged landing is longer than the one in a four-legged landing, but it is still shorter than the one in a three-legged landing.




8. Conclusions


To execute the tasks of landing and roving simultaneously, a six-legged movable repetitive lander is designed and manufactured. Instead of absorbing the landing impact energy by irreversible deformation of aluminum honeycomb material in the current legged lander, a new electric IDU with high power, low weight and small volume is utilized to dissipate the energy actively by simulating the dynamic characters of spring and damper based on impedance control. The leg structure is still intact rather than permanent deformation, so the HexaMRL can perform repetitive exploration like the lander and rover. Fault-tolerant landing capacity is important for adapting this repetitive work mode. The main contributions are as follows:




	(1)

	
To achieve the soft-landing as far as possible with a failed IDU, we systematically analyze the classification and stability of landing configurations. Then the relationship between fault number and landing configuration is concluded by equation and listed by table.




	(2)

	
As for stable configuration, we have designed corresponding fault-tolerant landing algorithms to achieve buffer landing and further proposed a quasi-incentre stability optimization method to increase the stability margin during supported operations.




	(3)

	
A series of experiments including five-legged, four-legged and three-legged soft-landing with a vertical landing velocity of −1.9 m/s and a payload of 140 kg were conducted to verify the fault-tolerant landing capacity on the constructed 5-DoF lunar gravity ground testing platform by means of counterweight.









In future work, we will study the fault-tolerant walking capacity for HexaMRL to further improve the control theory under faults.







Author Contributions


Conceptualization, K.Y. and F.G.; methodology, K.Y.; software, K.Y. and Q.S.; validation, K.Y., S.Z. and Q.S.; formal analysis, K.Y.; investigation, K.Y.; resources, F.G.; data curation, K.Y.; writing—original draft preparation, K.Y.; visualization, K.Y. and S.Z.; supervision, F.G.; project administration, F.G.; funding acquisition, F.G. All authors have read and agreed to the published version of the manuscript.




Funding


This work was funded by the National Natural Science Foundation of China (No. U1613208), the National Key Research and Development Plan of China (No. 2017YFE0112200), the European Union’s Horizon 2020 research and innovation programme under the Marie Skłodowska-Curie grant agreement (No. 734575), the Research Program of National Major Research Instruments of China (No. 51927809).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Conflicts of Interest


The authors declared no potential conflict of interest with respect to the research, authorship, and/or publication of this article.




References


	



Efanov, V.; Dolgopolov, V. The moon: From research to exploration (to the 50th anniversary of Luna-9 and Luna-10 Spacecraft). Sol. Syst. Res. 2017, 51, 573–578. [Google Scholar] [CrossRef]

	



Behm, H. Results of The Ranger, Lunar 9, and Surveyor 1 missions. J. Astronaut. Sci. 1967, 14, 101. [Google Scholar]

	



Doiron, H.; Zupp, G., Jr. Lunar module landing dynamics. In Proceedings of the 41st Structures, Structural Dynamics, and Materials Conference and Exhibit, Atlanta, GA, USA, 3–4 April 2000; p. 1678. [Google Scholar]

	



Ma, Y.; Liu, S.; Sima, B.; Wen, B.; Peng, S.; Jia, Y. A precise visual localisation method for the Chinese Chang’e-4 Yutu-2 rover. Photogramm. Rec. 2020, 35, 10–39. [Google Scholar] [CrossRef]

	



Young, A. Lunar and Planetary Rovers: The Wheels of Apollo and the Quest for Mars; Springer Science & Business Media: New York, NY, USA, 2007. [Google Scholar]

	



Basilevsky, A.T.; Abdrakhimov, A.M.; Head, J.W.; Pieters, C.M.; Wu, Y.; Xiao, L. Geologic characteristics of the Luna 17/Lunokhod 1 and Chang’E-3/Yutu landing sites, northwest mare imbrium of the moon. Planet. Space Sci. 2015, 117, 385–400. [Google Scholar] [CrossRef]

	



Lin, R.; Guo, W.; Li, M.; Hu, Y.; Han, Y. Novel design of a legged mobile lander for extraterrestrial planet exploration. Int. J. Adv. Robot. Syst. 2017, 14, 17298814–17746120. [Google Scholar] [CrossRef]

	



Luo, J.; Zhao, Y.; Ruan, L.; Mao, S.; Fu, C. Estimation of CoM and CoP trajectories during human walking based on a wearable visual odometry device. IEEE Trans. Autom. Sci. Eng. 2020, 3036530. [Google Scholar] [CrossRef]

	



Raibert, M.; Blankespoor, K.; Nelson, G.; Playter, R. Bigdog, the rough-terrain quadruped robot. In Proceedings of the 17th World Congress, the International Federation of Automatic Control, Seoul, Korea, 6–11 July 2008; pp. 10822–10823. [Google Scholar]

	



Bledt, G.; Powell, M.J.; Katz, B.; di Carlo, J.; Wensing, P.M.; Kim, S. MIT Cheetah 3: Design and control of a robust, dynamic quadruped robot. In Proceedings of the 2018 IEEE/Rsj International Conference on Intelligent Robots and Systems, Madrid, Spain, 1–5 October 2018; pp. 2245–2252. [Google Scholar]

	



Hutter, M.; Gehring, C.; Jud, D.; Lauber, A.; Bellicoso, C.D.; Tsounis, V.; Hwangbo, J.; Bodie, K.; Fankhauser, P.; Bloesch, M.; et al. Anymal-a highly mobile and dynamic quadrupedal robot. In Proceedings of the 2016 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS), Daejeon, Korea, 9–14 October 2016; pp. 38–44. [Google Scholar]

	



Hutter, M.; Gehring, C.; Lauber, A.; Gunther, F.; Bellicoso, C.D.; Tsounis, V.; Fankhauser, P.; Diethelm, R.; Bachmann, S.; Bloesch, M.; et al. Anymal-toward legged robots for harsh environments. Adv. Robot. 2017, 31, 918–931. [Google Scholar] [CrossRef]

	



Shim, H.; Yoo, S.-y.; Kang, H.; Jun, B.-H. Development of arm and leg for seabed walking robot CRABSTER200. Ocean. Eng. 2016, 116, 55–67. [Google Scholar] [CrossRef]

	



Kim, J.-Y. Dynamic balance control algorithm of a six-legged walking robot, little crabster. J. Intell. Robot. Syst. 2015, 78, 47–64. [Google Scholar] [CrossRef]

	



Xu, Y.; Gao, F.; Pan, Y.; Chai, X. Method for six-legged robot stepping on obstacles by indirect force estimation. Chin. J. Mech. Eng. 2016, 29, 669–679. [Google Scholar] [CrossRef]

	



Wilcox, B.H. ATHLETE: A cargo and habitat transporter for the moon. In Proceedings of the 2009 IEEE Aerospace Conference (AERO), Big Sky, MT, USA, 7–14 March 2009; pp. 1–7. [Google Scholar]

	



Bartsch, S.; Birnschein, T.; Cordes, F.; Kuehn, D.; Kampmann, P.; Hilljegerdes, J.; Planthaber, S.; Roemmermann, M.; Kirchner, F. Spaceclimber: Development of a six-legged climbing robot for space exploration. In Proceedings of the ISR 2010 (41st International Symposium on Robotics) and ROBOTIK 2010 (6th German Conference on Robotics), Munich, Germany, 7–9 June 2010; pp. 1–8. [Google Scholar]

	



Arm, P.; Zenkl, R.; Barton, P.; Beglinger, L.; Dietsche, A.; Ferrazzini, L.; Hampp, E.; Hinder, J.; Huber, C.; Schaufelberger, D.; et al. Spacebok: A dynamic legged robot for space exploration. In Proceedings of the 2019 International Conference on Robotics and Automation (ICRA), Montreal, QC, Canada, 20–24 May 2019; pp. 6288–6294. [Google Scholar]

	



Kolvenbach, H.; Hampp, E.; Barton, P.; Zenkl, R.; Hutter, M. Towards jumping locomotion for quadruped robots on the moon. In Proceedings of the 2019 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS), Macau, China, 3–8 November 2019; pp. 5459–5466. [Google Scholar]

	



Wang, S.; Chen, Z.; Li, J.; Wang, J.; Li, J.; Zhao, J. Flexible motion framework of the six wheel-legged robot: Experimental results. IEEE/ASME Trans. Mechatron. 2021, 3100879. [Google Scholar] [CrossRef]

	



Semini, C.; Barasuol, V.; Goldsmith, J.; Frigerio, M.; Focchi, M.; Gao, Y.; Caldwell, D.G. Design of the hydraulically actuated, torque-controlled quadruped robot HyQ2Max. IEEE/ASME Trans. Mechatron. 2016, 22, 635–646. [Google Scholar] [CrossRef]

	



Ugurlu, B.; Havoutis, I.; Semini, C.; Kayamori, K.; Caldwell, D.G.; Narikiyo, T. Pattern generation and compliant feedback control for quadrupedal dynamic trot-walking locomotion: Experiments on RoboCat-1 and HyQ. Auton. Robot. 2015, 38, 415–437. [Google Scholar] [CrossRef]

	



Fu, Y.; Luo, J.; Ren, D.; Zhou, H.; Li, X.; Zhang, S. Research on impedance control based on force servo for single leg of hydraulic legged robot. In Proceedings of the 2017 IEEE International Conference on Mechatronics and Automation (ICMA), Takamatsu, Japan, 6–9 August 2017; pp. 1591–1596. [Google Scholar]

	



Luo, J.; Wang, S.; Zhao, Y.; Fu, Y. Variable stiffness control of series elastic actuated biped locomotion. Intell. Serv. Robot. 2018, 11, 225–235. [Google Scholar] [CrossRef]

	



Zhang, J.; Gao, F.; Yu, H.; Zhao, X. Design and development of a novel redundant and fault-tolerant actuator unit for heavy-duty parallel manipulators. Proceedings of the Institution of Mechanical Engineers. Part C J. Mech. Eng. Sci. 2011, 225, 3031–3044. [Google Scholar] [CrossRef]

	



Ebrahimi, I.; Carretero, J.A.; Boudreau, R. 3-PRRR redundant planar parallel manipulator: Inverse displacement workspace and singularity analyses. Mech. Mach. Theory 2007, 42, 1007–1016. [Google Scholar] [CrossRef]

	



Wertz, J.R.; Bell, R. Autonomous rendezvous and docking technologies: Status and prospects. In Space Systems Technology and Operations; International Society for Optics and Photonic: Orlando, FL, USA, 5 August 2003; pp. 20–30. [Google Scholar]

	



Wang, J.; Zhang, Y.; Di, K.; Chen, M.; Duan, J.; Kong, J.; Xie, J.; Liu, Z.; Wan, W.; Rong, Z.; et al. Localization of the Chang’e-5 Lander Using Radio-Tracking and Image-Based Methods. Remote Sens. 2021, 13, 590. [Google Scholar]

	



Saranli, U.; Buehler, M.; Koditschek, D.E. RHex: A simple and highly mobile hexapod robot. Int. J. Robot. Res. 2011, 20, 616–631. [Google Scholar] [CrossRef]

	



Pfeiffer, F.; Eltze, J.; Weidemann, H.-J. The TUM-walking machine. Intell. Autom. Soft Comput. 1995, 1, 307–323. [Google Scholar] [CrossRef]

	



Gao, F.; Yang, J.; Ge, Q.J. Type synthesis of parallel mechanisms having the second class GF sets and two dimensional rotations. J. Mech. Robot. 2011, 3, 011003. [Google Scholar] [CrossRef]

	



Kennedy, J.; Eberhart, R. Particle swarm optimization. In Proceedings of the ICNN’95-international conference on neural networks(ICNN), Perth, WA, Australia, 27 November–1 December 1995; pp. 1942–1948. [Google Scholar]

	



Shi, Y.; Eberhart, R.C. Empirical study of particle swarm optimization. In Proceedings of the 1999 Congress on Evolutionary Computation-CEC99 (Cat. No. 99TH8406), Washington, DC, USA, 6–9 July 1999; pp. 1945–1950. [Google Scholar]








[image: Sensors 21 05680 g001 550] 





Figure 1. The six-legged movable and repetitive lander (HexaMRL). 
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Figure 2. The leg distribution of HexaMRL. 
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Figure 3. The leg mechanism. 
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Figure 4. Leg function. (a) folding; (b) deploying. 
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Figure 5. The leg residual workspace. (a) One fault; (b) two or three faults. 
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Figure 6. Classification of landing configuration. 






Figure 6. Classification of landing configuration.



[image: Sensors 21 05680 g006]







[image: Sensors 21 05680 g007 550] 





Figure 7. Virtual three-legged supporting method (VTLSM). 
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Figure 8. Particle evolution process in V-2 configuration (the horizontal axis denotes the forward/backward direction illustrated in Figure 2 while the vertical axis represents the leftward/rightward direction, respectively). 
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Figure 9. Target function value vs. iterations in V-2 configuration. 
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Figure 10. Particle evolution process in IV-2 configuration (the definition of vertical or horizontal axis is same as the one in Figure 8). 
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Figure 11. Target function value vs. iterations in IV-2 configuration. 
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Figure 12. Particle evolution process in III-4 configuration (the definition of vertical or horizontal axis is same as the one in Figure 8 or Figure 10). 
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Figure 13. Target function value vs. iterations in III-4 configuration. 
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Figure 14. 5-Dof lunar gravity ground testing platform. (a) components and Degrees of freedom; (b) components of counterweight system. 
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Figure 15. Keyframe snapshots in five-legged fault-tolerant landing. 
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Figure 16. Joint torques in five-legged fault-tolerant landing. 
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Figure 17. Body states in five-legged fault-tolerant landing. 
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Figure 18. Keyframe snapshots in four-legged fault-tolerant landing. 
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Figure 19. Joint torques in four-legged fault-tolerant landing. 
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Figure 20. Body states in four-legged fault-tolerant landing. 
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Figure 21. Keyframe snapshots in three-legged fault-tolerant landing. 
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Figure 22. Joint torques in three-legged fault-tolerant landing. 
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Figure 23. Body states in three-legged fault-tolerant landing. 
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Table 1. Fault-tolerant capacity of single leg.






Table 1. Fault-tolerant capacity of single leg.





	
Fault Number

	
Side

	
Thigh

	
Shank

	
Number

	
Symbol

	
Gf Set

	
Fault Tolerance






	
1

	
LA

	
N

	
N

	
4

	
   E  1 1    

	
    G F  I I     0 ,    R β  , 0 ;  T a  , 0 , 0     

	
1




	
LB

	
N

	
N

	
   E  1 2    

	
    G F  I I     0 ,    R β  , 0 ;  T a  , 0 , 0     

	
0




	
N

	
L

	
N

	
    G F  I I      R α  ,    R β  , 0 ; 0 , 0 , 0     

	
0




	
N

	
N

	
L

	
    G F  I I      R α  ,    R β  , 0 ; 0 , 0 , 0     

	
0




	
2

	
L

	
L

	
N

	
3

	
E2

	
    G F  I I     0 ,    R β  , 0 ; 0 , 0 , 0     

	
0




	
L

	
N

	
L

	
    G F  I I     0 ,    R β  , 0 ; 0 , 0 , 0     

	
0




	
N

	
L

	
L

	
    G F  I I      R α  ,   0 , 0 ; 0 , 0 , 0       

	
0




	
3

	
L

	
L

	
L

	
1

	
E3

	
    G F I    0 ,   0 , 0 ; 0 , 0 , 0     

	
0
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Table 2. Analysis table of landing configuration under fault combinations.






Table 2. Analysis table of landing configuration under fault combinations.





	
Type I

	
Number

	
Supporting Leg

	
Type II

	
Type I

	
Number

	
Supporting Leg

	
Type II






	
VI

	
    C 6 6  = 1   

	
1-2-3-4-5-6

	
VI-1

	
III

	
    C 6 3  = 20   

	
1-2-3

	
III-1




	
V

	
    C 6 5  = 6   

	
2-3-4-5-6

	
V-1

	
1-2-6




	
1-3-4-5-6

	
3-4-5




	
1-2-3-5-6

	
4-5-6




	
1-2-3-4-6

	
1-2-4

	
III-2




	
1-2-4-5-6

	
V-2

	
1-2-5




	
1-2-3-4-5

	
1-4-5




	
IV

	
    C 6 4  = 15   

	
3-4-5-6

	
IV-1

	
2-4-5




	
1-2-3-6

	
1-3-4

	
III-3




	
2-4-5-6

	
IV-2

	
1-4-6




	
1-3-4-5

	
2-3-5




	
1-2-4-6

	
2-5-6




	
1-2-3-5

	
1-3-5

	
III-4




	
2-3-5-6

	
IV-3

	
2-4-6




	
1-3-4-6

	
1-3-6

	
III-5




	
2-3-4-6

	
IV-4

	
2-3-6




	
1-3-5-6

	
3-4-6




	
2-3-4-5

	
IV-5

	
3-5-6




	
1-4-5-6

	
2-3-4

	
III-6




	
1-2-5-6

	
1-5-6




	
1-2-3-4

	

	

	

	




	
1-2-4-5

	
IV-6
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Table 3. Stability evaluation results of landing configurations.






Table 3. Stability evaluation results of landing configurations.





	
Type I

	
Type II

	
Stability Radius d(m)

	
Supporting Area S(m2)

	
SAI

	
SS






	
   VI   

	
   VI − 1   

	
0.5998

	
1.5233

	
1

	
S




	
    V      

	
   V − 1   

	
0.3577

	
1.2640

	
0.4948

	
S




	
   V − 2   

	
0.4324

	
1.2803

	
0.6058

	
S




	
   IV   

	
   IV − 1   

	
0

	
0.7617

	
0

	
CS




	
   IV − 2   

	
0.3577

	
1.021

	
0.3997

	
S




	
   IV − 3   

	
0.3577

	
1.0047

	
0.3933

	
S




	
   IV − 4   

	
0.4324

	
1.0047

	
0.4754

	
S




	
   IV − 5   

	
0

	
0.7617

	
0

	
CS




	
   IV − 6   

	
0.4324

	
1.0373

	
0.4908

	
S




	
   III   

	
   III − 1   

	
−0.3577

	
0.2593

	
−0.1015

	
US




	
   III − 2   

	
0

	
0.5187

	
0

	
CS




	
   III − 3   

	
0

	
0.5023

	
0

	
CS




	
   III − 4   

	
0.3577

	
0.7617

	
0.2982

	
S




	
   III − 5   

	
0

	
0.5023

	
0

	
CS




	
   III − 6   

	
−0.4324

	
0.243

	
−0.1150

	
US
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Table 4. Fault combination results.






Table 4. Fault combination results.





	
Nm

	
Solve Sets

	
Fault Legs Group

	
Type I

	
Nm

	
Solve Sets

	
Fault Legs Group

	
Type I






	
1

	
{1,0,0}

	
   E  1 1    

	
   VI   

	
4

	
{1,0,1}

	
   E  1 1  E 3   

	
    V      




	
   E  1 2    

	
  V  

	
   E  1 2  E 3   

	
   IV   




	
2

	
{0,1,0}

	
   E 2   

	
  V  

	
{0,2,0}

	
   E 2 E 2   

	
   IV   




	
{2,0,0}

	
   E  1 1  E  1 1    

	
   VI   

	
{2,1,0}

	
   E  1 1  E  1 1  E 2   

	
    V      




	
   E  1 1  E  1 2    

	
  V  

	
   E  1 1  E  1 2  E 2   

	
   IV   




	
   E  1 2  E  1 2    

	
   IV   

	
   E  1 2  E  1 2  E 2   

	
   III   




	
3

	
{0,0,1}

	
   E 3   

	
   VI   

	
{4,0,0}

	
   E  1 1  E  1 1  E  1 1  E  1 1    

	
   VI   




	
{1,1,0}

	
   E  1 1  E 2   

	
  V  

	
   E  1 1  E  1 1  E  1 1  E  1 2    

	
    V      




	
   E  1 2  E 2   

	
   IV   

	
   E  1 1  E  1 1  E  1 2  E  1 2    

	
   IV   




	
{3,0,0}

	
   E  1 1  E  1 1  E  1 1    

	
   VI   

	
   E  1 1  E  1 2  E  1 2  E  1 2    

	
   III   




	
   E  1 1  E  1 1  E  1 2    

	
  V  

	
6

	
{0,0,2}

	
   E 3 E 3   

	
   IV   




	
   E  1 1  E  1 2  E  1 2    

	
   IV   

	
{1,1,1}

	
   E  1 1  E 2 E 3   

	
   IV   




	
   E  1 2  E  1 2  E  1 2    

	
   III   

	
   E  1 2  E 2 E 3   

	
   III   




	
5

	
{0,1,1}

	
   E 2 E 3   

	
   IV   

	
{0,3,0}

	
   E 2 E 2 E 2   

	
   III   




	
{2,0,1}

	
   E  1 1  E  1 1  E 3   

	
    V      

	
{3,0,1}

	
   E  1 1  E  1 1  E  1 1  E 3   

	
    V      




	
   E  1 1  E  1 2  E 3   

	
   IV   

	
   E  1 1  E  1 1  E  1 2  E 3   

	
   IV   




	
   E  1 2  E  1 2  E 3   

	
   III   

	
   E  1 1  E  1 2  E  1 2  E 3   

	
   III   




	
{1,2,0}

	
   E  1 1  E 2 E 2   

	
   IV   

	
{2,2,0}

	
   E  1 1  E  1 1  E 2 E 2   

	
   IV   




	
   E  1 2  E 2 E 2   

	
   III   

	
   E  1 1  E  1 2  E 2 E 2   

	
   III   




	
{3,1,0}

	
   E  1 1  E  1 1  E  1 1  E 2   

	
    V      

	
{4,1,0}

	
   E  1 1  E  1 1  E  1 1  E  1 1  E 2   

	
    V      




	
   E  1 1  E  1 1  E  1 2  E 2   

	
   IV   

	
   E  1 1  E  1 1  E  1 1  E  1 2  E 2   

	
   IV   




	
   E  1 1  E  1 2  E  1 2  E 2   

	
   III   

	
   E  1 1  E  1 1  E  1 2  E  1 2  E 2   

	
   III   




	
{5,0,0}

	
   E  1 1  E  1 1  E  1 1  E  1 1  E  1 1    

	
   VI   

	
{6,0,0}

	
   E  1 1  E  1 1  E  1 1  E  1 1  E  1 1  E  1 1    

	
   VI   




	
   E  1 1  E  1 1  E  1 1  E  1 1  E  1 2    

	
  V  

	
   E  1 1  E  1 1  E  1 1  E  1 1  E  1 1  E  1 2    

	
    V      




	
   E  1 1  E  1 1  E  1 1  E  1 2  E  1 2    

	
   IV   

	
   E  1 1  E  1 1  E  1 1  E  1 1  E  1 2  E  1 2    

	
   IV   




	
   E  1 1  E  1 1  E  1 2  E  1 2  E  1 2    

	
   III   

	
   E  1 1  E  1 1  E  1 1  E  1 2  E  1 2  E  1 2    

	
   III   
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Table 5. Classification of virtual supporting triangle of stable configuration in five-legged soft-landing.
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	Type II
	Valid Virtual Supporting Triangle
	Nv
	Invalid Virtual Supporting Triangle
	Ni





	V-1
	2-3-5, 2-3-6, 2-4-5, 2-4-6, 2-5-6, 3-4-6, 3-5-6
	7
	2-3-4, 3-4-5, 4-5-6
	3



	V-2
	1-2-4, 1-2-5, 1-3-4, 1-3-5, 1-4-5, 2-3-5, 2-4-5
	7
	1-2-3, 2-3-4, 3-4-5
	3
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Table 6. Classification of virtual supporting triangle of stable configuration in four-legged soft-landing.






Table 6. Classification of virtual supporting triangle of stable configuration in four-legged soft-landing.












	Type II
	Valid Virtual Supporting Triangle
	Nv
	Invalid Virtual Supporting Triangle
	Ni





	IV-2
	2-4-5, 2-4-6, 2-5-6
	3
	4-5-6
	1



	IV-3
	2-3-5, 2-3-6, 2-5-6, 3-5-6
	4
	
	0



	IV-4
	2-3-6, 2-4-6, 3-4-6
	3
	2-3-4
	1



	IV-6
	1-2-4, 1-2-5, 1-4-5, 2-4-5
	4
	
	0
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Table 7. The comparison of the key index in different fault-tolerant landings.






Table 7. The comparison of the key index in different fault-tolerant landings.





	Index
	Five-Legged Landing
	Four-Legged Landing
	Three-Legged Landing





	Touch-ground velocity (m/s)
	1.9
	1.9
	1.9



	System mass (kg)
	180
	180
	180



	Thigh peak torque (Nm)
	203.7
	175.2
	184.7



	Shank peak torque (Nm)
	−84.14
	−98.39
	−78.57



	Roll angle derivation (°)
	−1.8~0°
	−1.46~0.74°
	−1.26~0.53°



	Pitch angle derivation (°)
	−7.98~1.13°
	−0.93~0.47°
	−1.16~1.08°



	Damping vibration duration (s)
	1.8
	1.6
	2



	Derivative x Velocity (m/s)
	0.355
	   ≈ 0   
	   ≈ 0   



	Derivative y Velocity (m/s)
	0.04
	   ≈ 0   
	   ≈ 0   
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