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Abstract

:

In the present work, based on an approximate modelling of a rover-type robot and a proportional control law, a simplified trajectory tracking strategy for a passive suspension rover-type mobile robot was developed. This strategy achieves trajectory tracking and the autonomous displacement of a rover, of which its configuration involves complex kinematics and dynamics. All these lineaments reduce the complexity of the analysis, the number of electronic components to implement, the computational requirements and the energy consumption. The robotic system used is based on the Shrimp rover, which is a robot with a passive suspension that is capable of carrying out displacements over rough terrain. The tests were performed using numerical simulations with different desired trajectories, and also using experimental tests using a passive suspension rover-type mobile robot.
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1. Introduction


Since the 1990s, agencies such as NASA and JAXA have been using rover-type robots for planetary exploration [1], with robots like Spirit, Opportunity and Curiosity having successfully explored the Martian surface [2]. The main challenge in planetary exploration is autonomous navigation, as low-bandwidth, high-latency communication channels with Earth [3] makes teleoperation control a very difficult task. Works such as those by Chen et al. [4] and Parsons IV and Mazzoleni [5] used control algorithms based on kinematic or dynamic modelling.



Years ago, Sasiadek and Green [6] and Caracciolo et al. [7] modelled rover configurations considering two-dimensional displacements under a simplified analysis of kinematics and dynamics. Some other works have used control strategies such as sliding modes, PID or the properties of a kinematic model [8,9,10]. Competitions like the ERC, IRC, CIRC and URC test rovers at the expense of adopting their qualities for planetary exploration vehicles; for such events, works like those of Arabi et al. [11] and Polash et al. [12] opted for trajectory tracking strategies to pass the autonomous navigation tests.



On the other hand, there are works applicable to modern rovers for tracking crop rows [13] and in subway operations [14]. In general, most rovers can be modelled under assumptions that are particularly similar to those of skid-steer type robots, enabling the methodology presented here to be considered a current case study, useful in military, agricultural or even exploration and research applications [15]. Works such as those of Meghdari et al. [16], Li et al. [17] and Xu et al. [18] analysed the kinematics of robots with configurations similar to those of the study prototype (see Figure 1) through analytically complex methods, and the analysis requires knowledge of variables that are difficult to measure, like the joint angles or the wheel slippage. All of this complicates the use of controllers. In addition to increasing the amount of resources needed, both computational and electronic, the energy consumption will also be increased. As a solution, this work proposes an approximate kinematic model that simplifies the complex analysis of the suspension and presents an alternative of easy application in terms of computational, electronic and analytical requirements. At the same time, it is possible to implement the algorithm with only one position and orientation sensor. All of this represents a better use of the robot’s resources.



The main contributions of this work are as follows:




	(i)

	
A simplified kinematic model for a rover-type mobile robot, which allows a robot with complex suspension systems to be controlled using an easy control law.




	(ii)

	
A control strategy that can be used as the basis for trajectory tracking or autonomous navigation in a rover-type mobile robot with only one position and orientation sensor.




	(iii)

	
The verification of the control algorithm for trajectory tracking, which is implemented in the embedded system at a low cost.









The remainder of this article is organised as follows. Section 2 describes the robot configuration. Section 3 presents the approximate mathematical model. The control strategies for the trajectory tracking and the locomotion systems, together with their reference signals, are presented in Section 4. Section 5 highlights the numerical simulations for the control scheme. The experimental tests and the results of the implementation of the prototype are presented in Section 6; finally, the conclusions of this work are presented in Section 7.




2. Description of the Rover Prototype


The robotic system used as a reference to apply the proposed strategy was developed in the Graduate Studies and Research Section of the UPIITA-IPN Aguirre-Anaya [19], and this consists of a passive suspension robotic system with the ability to traverse across bumpy terrain that varies in slope, composition, size and obstacle shapes. The suspension is based on two parallelogram mechanisms on the sides and a four-bar mechanism in the front. It has two steering mechanisms, front and rear (see Figure 1), which allow it to make small turns on its own axis. The main characteristics are presented in Table 1.




3. Kinematic Model


The proposed kinematic model is a simplification of the rover kinematics of this work, considering two-dimensional motion, as shown in Figure 2. With this model, the suspension joints, terrain inclinations and possible wheel slippage can be neglected to simplify the analysis; this enables the control of a complex robotic system by means of a simple control strategy. Consequently, since the kinematic loops in the suspension parallelograms can be ignored, which means that the translational and rotational velocities of the robot are not necessary in the control law, advantages in terms of analytical complexity are obtained over models such as those of Meghdari et al. [16], Li et al. [17] and Xu et al. [18], whose models present difficulties when implemented due to their inherent complexity. This is due in part to the difficulty of measuring variables, including wheel slip and the angles of suspension joints. Furthermore, these models also present difficulties when considering a position control law. Conversely, the proposed strategy can be applied to other rovers as long as their locomotion is close to differential guided locomotion and sensors with sufficient accuracy are available for the application. All of the aforementioned allow us to model and control only the rear half of the rover (the non-faded part of the robot in Figure 2), and due to the symmetry in its construction, this can be used to control the front half (the faded part of the robot in Figure 2). The modelling is performed considering the position and velocity of the control point located at the centre of gravity of the rover, denoted by the point   ( x , y )  , which is initially assumed to be over the centre of the axis of the two side wheels.



The positions with respect to the actual point of control (centre of gravity) are given by


      x =  h x  =  h  x 0   +  a x  =  h  x 0   + L cos  ( φ )        y =  h y  =  h  y 0   +  a y  =  h  y 0   + L sin  ( φ )        



(1)




where   h  0 x    and   h x   are the positions of the centre wheel axle and the centre of gravity, respectively, on the x-axis, and   h  0 y    and   h y   on the y-axis.   a x   is the distance between   h  0 x    and   h x  , and   a y   is the distance between the positions   h  0 y    and   h y  .



Differentiating the positions from Equation (1), we obtain


      x ˙  =   h ˙   x 0   − L  φ ˙  sin  ( φ )         y ˙  =   h ˙   y 0   + L  φ ˙  cos  ( φ )      



(2)




where     h ˙   x 0   = υ cos  ( φ )    and     h ˙   y 0   = υ sin  ( φ )   .



Then, substituting    h ˙   x 0    and      h ˙   y 0     into Equation (2) and adding the orienting velocity, we obtain the simplified kinematic model defined by


       x ˙       y ˙       φ ˙      =      cos ( φ )     − L sin ( φ )       sin ( φ )     L cos ( φ )      0   1         υ     ω      



(3)







The movement of the robot is given according to the angular velocities (   ω 1  ,  ω 2   ); for this reason, the model of Equation (3) must be expressed as a function of the rotational speeds of the side wheels, through the expressions of the differential guided locomotion of Baturone [20]. Let


      υ     ω     =      R 2     R 2       −  R b      R b           ω 1       ω 2       



(4)







Then, substituting (4) into (3), we obtain the simplified model of the robot as follows:


       x ˙       y ˙       φ ˙      =        R  cos  φ   2  +   L  R  sin  φ   b        R  cos  φ   2  −   L  R  sin  φ   b          R  sin  φ   2  −   L  R  cos  φ   b        R  sin  φ   2  +   L  R  cos  φ   b        −  R b      R b           ω 1       ω 2       



(5)




where x is the rover position on the x axis, y is the rover position on the y axis,  φ  is the rover’s orientation angle with respect to axis x,   x ˙   is the rover speed on the x axis,   y ˙   is the rover speed on the y axis,   φ ˙   is the rover rotational speed or orientation, L is the perpendicular distance from the centre of the axis to the centre of gravity,   L 1   is the perpendicular distance from the centre of the axle to the steering wheel, b is the rover road or distance between side wheels, and R is the wheel radius.



Thus, the model presented in Equation (5) represents, in a synthesised form, the main variables that relate the prototype kinematics, and the locomotion is then given by the angular velocities of the side wheels   ω 1   and   ω 2  .




4. Control Strategy


The locomotion system of the prototype is composed of two subsystems: the traction subsystem and the steering subsystem, each of which must be controlled independently. Due to these characteristics, the general control strategy is made up of two sub-strategies: “global control”, designed from the expression of the model (5), and “local control”, designed for each of the locomotion subsystems (six wheels and two steering mechanisms). The diagram in Figure 3 illustrates the basis of the control strategy, where it can be seen that the rover’s kinematics are a function of the angular velocities of wheels 1 and 2; from these, the other variables involved in the robot’s motion are generated, as in the case of the velocities of wheels 3 and 4, which must be equal to those of wheels 1 and 2, respectively. Likewise, the speeds of the front and rear wheels and the angle of the steering mechanisms are obtained from speeds 1 and 2. All of this make up the set of parameters necessary for trajectory tracking.



4.1. Trajectory Tracking Control—Global Control


In order to propose a control law of easy implementation and development that is related to the objectives of this work, a proportional type control is proposed; this is because in mobile robots based on differential configuration, this control proves to be sufficient and viable compared to other control strategies [21].



Proportional control can be defined in the time domain as    u i  =  K  p i   e  ( t )   , where   e ( t )   is the difference between the desired output signal and the actual output signal. Let   U =       u 1     u 2      ⊤    be the vector of proportional control actions with    u 1  = υ   and    u 2  = ω  , while understanding that  υ  is the displacement velocity vector in   ( x , y )   coordinates and  ω  is the rover rotation velocity; the proportional controller is then equal to the right-hand side of Equation (3), and the position control law for the rover is given by


        K  p x    (  x ∗  − x )         K  p y    (  y ∗  − y )       =      cos ( φ )     − L sin ( φ )       sin ( φ )     L cos ( φ )          υ     ω      



(6)







Solving for variables    u 1  = υ   and    u 2  = ω  , we have


       u 1       u 2      =       cos ( φ )     − L sin ( φ )       sin ( φ )     L cos ( φ )       − 1         K  p x    (  x ∗  − x )         K  p y    (  y ∗  − y )        



(7)




where   K  p x    and   K  p y    are the controller constants for each coordinate, while   (  x ∗  ,  y ∗  )   are the coordinates of the desired trajectory. To obtain the velocities   ω 1   and   ω 2  , which control the rover kinematics, from the control actions   u 1   and   u 2  , Equation (4) must be used again.




4.2. Locomotion Subsystem Control—Local Control


In order to control the angular positions of the two steering mechanisms, it is necessary to control the steering actuators themselves (Pololu 37D Metal Gear Motors with 131.25:1 Reduction); PID controllers are used for this purpose, since they have shown good results in mechanisms of this type [22]. The time domain PID control is as follows:


   u p  =  k  p s    e s   ( t )  +  k i  s  ∫ 0 t   e s   ( τ )  d τ +  k  d s     d  e s   ( t )    d t    



(8)




where   k  p s   ,   k  i s    and   k  d s    are the proportional, integral and derivative constants for tuning the controller, and    e s   ( t )    is the position error. In the case of the angular velocity of the wheels, a PI-type control is considered sufficient, which is in agreement with the results of works such as [23]. The time domain PI control is defined as follows:


   u v  =  k  p ω    e ω   ( t )  +  k  i ω    ∫ 0 t   e ω   ( τ )  d τ  



(9)




where   k  p ω    and   k  i ω    are the proportional and integral constants by which the control is tuned, and    e ω   ( t )    is the velocity error. The distribution of controllers involved in locomotion systems is shown in Figure 4.




4.3. Reference Signals for Motion Subsystem Controls


The global controller does not control the complete set of locomotion systems; consequently, the actuators of these systems must be driven according to the desired trajectory, so the steering mechanism must be positioned according to a signal that depends on the rover’s motion. Figure 4 shows the relationship between the reference signals and the different controllers.



4.3.1. Angle for Steering Mechanism


The angular position of the steering is given by the angle  α  (see Figure 5), which is the same for the front and rear mechanism but with an opposite direction of rotation.  α  must be set according to the difference in speed of the side wheels. As shown in Figure 5, when there is a difference between    ω 1  R   and    ω 2  R  , an instantaneous centre of rotation called C is generated, located at a distance D from the wheel closest to C.



Taking   d s   as the instantaneous displacement, decomposed into   d  s 1    for wheel 1 and   d  s 2    for wheel 2, we obtain [24]:


     d  s 1  = D d α =  ω 1  R d t     



(10)






     d  s 2  =  ( D + b )  d α =  ω 2  R d t     



(11)







The expression for the length D is obtained by dividing (10) with (11):


  D =    ω 1  b    ω 2  −  ω 1     



(12)







In knowing the distance D, the reference angle  α  is given by Equation (13):


  α =  tan  − 1      L 1   D +  b 2      



(13)








4.3.2. Front and Rear Wheel Angular Velocity


The front   ω  F s    and rear   ω  R s    velocities must rotate according to the robot’s speed; these velocities must be adapted to the rover’s orientation behavior. If it moves only by making turns around the same point, the velocity of the front and rear wheels must be equal to those of the side wheels, regardless of the direction of rotation. In this case, the velocities will be equal but with opposite directions of rotation; thus   ω  F s    and   ω  R s    are obtained using Equation (14):


   ω  F s   =  ω  R s   =    |   ω 1   | + |   ω 2   |   2   



(14)







On the contrary, when the rover succeeds in orienting itself and starts the course toward the desired position, its linear velocity will be different from zero, and the velocities must be those necessary for each wheel to equal the linear velocity of the rover. In this case, the velocity is obtained with Equation (15):


   ω  F s   =  ω  R s   =    ω 1  +  ω 2   2   



(15)










5. Numerical Simulation


Using Matlab-Simulink, two desired trajectories were generated for the simulated rover path; one in the form of a six-petal flower with parametric equations that were taken as in [25] and the other in the form of a lemniscate. In this way, the response of the controllers to a variation in difficulty with respect to changes in direction was evaluated. The parametric equations for the lemniscate and flower trajectories are given by


      x L  =    a L  cos  ( t )    1 +  sin 2   ( t )           y L  =    a L  sin  ( t )  cos  ( t )    1 +  sin 2   ( t )        



(16)




and


      x F  =  a F  sin  ( 3  ω F  t + η )  sin  ( 2  ω F  t + η )         y F  =  a F  sin  ( 3  ω F  t + η )  cos  ( 2  ω F  t + η )      



(17)







In Equation (16),   x L  ,   y L   and   a L   are the path coordinates and the radius of curvature of the lemniscate, respectively; as in Equation (17), for the flower path,  ω  is also defined as the path frequency, and  η , as the rotation parameter. In both trajectories, in order to test the performance of the strategy on paths shorter than those naturally followed by a rover type robot, the radius of curvature was set to 1 m. The other parameters are    ω F  = 0.5   and   η = − π  . The general simulation scheme is shown in Figure 6.



The initial conditions were zero for all systems, while the local controller parameters were    k  p s   = 882.235558229673 ×  10  − 6    ,    k  i s   = 303.54182647177197 ×  10  − 6     and    k  d s   = 306.14244926964096 ×  10  − 6     for the steering mechanism and    k  p ω   = 305.131139982279 ×  10  − 6     and    k  i ω   = 144.272360647379 ×  10  − 5     for the traction wheel.



5.1. Simulation Results of Trajectory Tracking


One way to assess the performance of a given control law involves an analysis of how closely a system responds to its desired behavior. In the particular case of the present work, the performances of all control strategies were obtained mainly by obtaining the error of the robot position, of the steering mechanisms and of the speed of the wheels while driving; the error is the difference between the signal of each system and its corresponding desired signal. Thus, Figure 7a,b show the path of the rover (red line) compared to the desired trajectory (blue line) using proportional control. Figure 8a,b show the error dynamics and indicate that with small deviations ranging from   − 0.02   to   0.02   for the lemniscate and from   − 5 ×  10  − 3     to   5 ×  10  3     for the flower trajectory, the robot follows the proposed paths, in addition to the trajectories reached before the first second of simulation. The low position error shows that proportional control based on the proposed kinematic model of the robot is suitable for different applications. Finally, the main data and results of this phase are shown in Table 2.




5.2. Control Results of Steering Mechanisms


The behavior of the steering mechanism compared to the reference signal obtained with Equation (13) is shown in Figure 9a,b. The results show that the mechanism is positioned with a maximum error of   18.6506 ×  10  − 3     rad in the flower trajectory and   29.4385 ×  10  − 3     rad in the lemniscate trajectory between 1.9 and 4.8 s, excluding any error generated by sudden large angle changes.




5.3. Wheel Speed Control Results


The results in Figure 10a,b correspond to the behavior of the traction motors under PI control, compared to the reference signal generated with Equations (14) and (15). The maximum errors after reaching the desired trajectory are 0.0623 rad/s for lemniscate and 0.2262 rad/s for the flower.





6. General Implementation and Experimental Testing


The implementation of the control algorithms is presented in this section. Figure 11 shows the prototype electronic instrumentation, which consists of two board based on an ARM Microcontroller used to calculate the control laws, GPS and magnetometer sensors to obtain the orientation and position and an actuator for each wheel of the robot. In this case, the entire strategy was programmed using Matlab-Simulink in conjunction with the Waijung blockset. The motion controllers were applied independently to each actuator. Here, a PID was implemented two times (two steering mechanisms), and a PI, six times (six drive wheels).



Experimental Results


With the diameter of the wheels being 124 mm, experimental tests were carried out on rough terrain with conditions that made it traversable for the prototype, i.e., obstacles smaller than twice the wheel diameter, 248 mm, and with transversal inclinations of less than 35° and longitudinal inclinations of less than 30°, according to the prototype design parameters presented in [19]. Travelling was conducted between two fixed geographic coordinates, where the longitude was considered as movement in x and latitude as movement in y. The test conditions and results are presented in Table 3, where some data were taken from the mobile application myTracks [26] along with the route captures (see Figure 12).



Figure 13 shows snapshots of the secondary test with the desired position (  L a t = 19.513667 ° ,   L o n g = − 99.128389 °  ) and (  L a t = 19.513860 ° ,   L o n g = − 99.1288299 °  ) as initial conditions. In Figure 13, the desired coordinate is marked with a white “X” on the ground. The position error of 1.9 m is within the 3 m success limits of the autonomous navigation test according to URC 2024 rules [27], so this result is sufficient according to the requirements of this competition. The position error may vary depending on the accuracy of the measurements, which implies better results under better measurement conditions, as in the case of the secondary test (Figure 13), where the rover was positioned only 30 cm from the target.





7. Conclusions


This work presents a control strategy for the trajectory tracking application of a passive suspension rover-type mobile robot. This strategy used an approximate kinematic model that allows a robot with complex suspension systems to be controlled using an easy control law. Also, we propose a control scheme in two control loops. The first closed loop is focused on the trajectory tracking of the kinematic model of the robot, and the second closed loop is designed for each of the locomotion subsystems.



This control schemes was implemented in a robotic system, which was a robot with a passive suspension that is capable of carrying out displacements over rough terrain and had electronic instrumentation that consisted of two boards based on an ARM Microcontroller used to calculate of control laws and condition the GPS and magnetometer sensors. Finally, the tests were performed through numerical simulations against different desired trajectories, and also using experimental tests using the embedded systems of the prototype, which showed an adequate performance despite the complexity of the rover and the terrain characteristics, with errors between 0.3 m and 1.9 m. These results are promising with regard to competitions such as the URC [27].



The following remarks can be stated:




	
The kinematic model allows us to treat the mobile system with a simplified approach that resembles a differential robot with a geometric centre at an eccentric point with respect to the axis centre. This configuration is very important to ensure holonomic restrictions in the system, reducing the control synthesis to a set of classic controls with a simple inverse gain compensation. Most approaches tend to use differential robot-based kinematic models with non-holonomic restrictions that are not addressed.



	
Even when the mechanical design and control ensure robustness against disturbances and certain slopes, actual applications demand a higher scale in both the size of the vehicle and the wheel radius to improve the capacity in rougher terrains.



	
The presented design obtains its position measurements using a GPS, and even when the system has an RGB-D camera, it is only used for obstacle detection, which may not be robust in practical tasks. In this sense, an area of opportunity consists of the inclusion of more sensors as well as the active use of an RGB-D camera to improve the robustness and accuracy of the position sensing by means of alternative approaches such as sensor fusion.
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Figure 1. Actuators, sensors and rover subsystems. (a) Suspension; (b) traction and steering. 
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Figure 2. Model diagram. 
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Figure 3. General control strategy diagram. 
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Figure 4. General control block diagram. 
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Figure 5. Steering angle. 






Figure 5. Steering angle.
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Figure 6. General simulation diagram. 






Figure 6. General simulation diagram.



[image: Machines 12 00322 g006]







[image: Machines 12 00322 g007] 





Figure 7. Rover behavior in trajectory tracking. (a) Lemniscata; (b) six-petal flower. 
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Figure 8. Position error in trajectory tracking. (a) Lemniscate; (b) six-petal flower. 
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Figure 9. Steering behavior in trajectory tracking. (a) Lemniscate; (b) six-petal flower. 
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Figure 10. Angular velocity behavior of wheels in trajectory tracking. (a) Lemniscate; (b) six-petal flower. 
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Figure 11. General implementation distribution. 






Figure 11. General implementation distribution.



[image: Machines 12 00322 g011]







[image: Machines 12 00322 g012] 





Figure 12. Route of the main test. (a) Satellite view; (b) enlarged satellite view. 
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Figure 13. Test positioning sequence. 
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Table 1. Used prototype main features [19].
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	Features
	Description





	Prototype dimensions
	50.5 cm × 75 cm × 60 cm



	Model dimensions
	L = 0.105 m,   L 1   = 0.315 m, R = 0.062 m, b = 0.445 m



	Weight
	9.5 kg



	Number of wheels
	6



	Suspension system
	Parallelogram



	Traction system
	Each wheel is actuated



	Steering system
	Works independently on front and rear wheels



	Obstacles to overcome
	Obstacles with a height of twice its wheel diameter



	Processing cards
	2 STM32F4 Discovery microcontrollers



	Localisation module
	GPS U-BloxM8N



	Actuators
	Geared motors with encoder pololu 37D-131.25:1



	Motor controllers
	4 drivers pololu VNH5019 Dual










 





Table 2. Summary of simulation results.
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Trajectory

	
Variable

	
Quantity






	
Lemniscate

	
Maximum position error in x

	
0.0032 mm




	
Maximum position error in y

	
0.0036 mm




	
Initial conditions   ( x , y )  

	
(0, 0) m




	
Wheels’ maximum angular velocity

	
55 rad/s




	
Time to reach the desired trajectory

	
<1 s




	
Controller’s gains

	
   K  p x   =   277,    K  p y   =   277




	
Six-petal flower

	
Maximum position error in x

	
0.0051 mm




	
Maximum position error in y

	
0.0053 mm




	
Initial conditions   ( x , y )  

	
(0, 0) m




	
Wheels’ maximum angular velocity

	
55 rad/s




	
Time to reach the desired trajectory

	
<1 s




	
Controller’s gains

	
   K  p x   =   283,    K  p y   =   283











 





Table 3. Test conditions and results and simplified model parameters.
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	Parameter
	Units
	Value





	Initial position
	∘
	Lat = 19.512416, Long = −99.127674



	Initial orientation
	rad
	5.7596



	Desired coordinate
	∘
	lat = 19.513616, long = −99.128438



	Max. wheel speed
	r/min
	40



	Controller constants
	
	   K  p x   =   278;    K  P y   =   278



	Travel time
	min
	11.267



	Distance covered
	m
	174



	Mean travel speed
	m/s
	0.2574



	Final position
	∘
	Lat = 19.513605, Long = −99.128425



	Positioning error
	m
	1.9



	L
	m
	0.105



	   L 1   
	m
	0.315



	R
	m
	0.062



	b
	m
	0.445
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