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Abstract

:

One of the most pressing issues in the field of mobile robotics is power delivery. In the past, we have proposed a powered floor based solution. In this article, we propose a system which combines a powered floor with a robot pose estimation system. The floor on which the mobile robots stand is composed of an array of interdigitated conductors that provide DC power supply; the stripes of conductors are interwoven similarly to what happens in a carpet, thus creating a sort of checkerboard of positive and negative pads. The robots are powered through sliding contacts. The power supply voltage is modulated with a binary encoding that uniquely identifies each conductor stripe power line; in this way, each robot is able to self-localize, by exploiting the information coming from the contacting pins. We describe the theoretical framework that allows concurrent power delivery and localization (with error boundaries). Then, we present the experimental evaluation that we performed using a prototype realization of the proposed powered floor system.
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1. Introduction


Delivering electrical power to mobile robots or, more generally, to mobile systems is a challenge in many operative fields: transportation, automation, and logistics. Power supply systems based on sliding contacts [1] are an effective solution to power a large number of mobile robots, especially in swarm robotics applications, where powering a single robot by manually recharging the battery is time-consuming. They are also simple to implement and inexpensive. Usually the floor is made up of interdigitated stripes; these are positive and negative conductors. Mobile robots are equipped with a series of pins (sliding contacts) in contact with either the floor conductors or the insulator. The condition for the robot to be powered is that at least one pin has to be in contact with a positive voltage stripe and at least another pin has to be in contact with a negative voltage stripe. Multiple pins could be in contact with positive or negative conductors. Also, it may happen that some pins are in contact with the insulating band that is interposed between a positive and a negative conductor. Typically, the conducting stripes are arranged parallel to each other; their size is chosen according to the number of pins and their distance from the center of the robot.



In this work, we propose to exploit the powered floor not only to deliver power but also to communicate with the robot in order to provide localization information; i.e., we employ a one-way communication from the ground transmitter to the robot. Indeed, the  powerline communication problem has been solved since the early 70 with the definitions of well-known protocols, such as X10. The main contribution and the innovative aspect of our work is the presence of a large number of communication lines (robot contact points), that can deliver power and signal data at the same time.



More in detail, power lines are intertwined as shown in Figure 1, so that the exposed areas, which we call pads, are arranged such as in a chessboard. Horizontal stripes (the rows) are powered with the   V r   voltage, while vertical stripes (the columns) are powered with the   V c   voltage. The power sent on these lines is modulated according to a simple binary Pulse Width Modulation (PWM), which is used to provide position information to each row or column of the chessboard. Indeed, we use several simultaneous transmission lines; each robot uses the modulated signals to compute its own pose by means of a localization algorithm. The higher the number of pins in contact, the more accurate the localization algorithm.



We think that our proposed system may be of particular interest for practitioners who need to experiment with several mobile robots at the same time, possibly by performing long-lasting experiments in which human intervention would be costly. Other ways exist for powering mobile robots and localizing them at the same time, but they often pose constraints on the environment or on the robotic platforms, hence limiting the practical applicability. E.g., vision-based localization system require proper lighting conditions, cable-based power supply systems may limit the mobility of robots, battery-based systems require service stops for charging. An example of use case where our proposed architecture may prove beneficial is experimentation in promiscuous environments, i.e., where robots and humans coexist. In this setting, overhead monitoring may fail due to being partially occluded by individuals, while position determination performed at floor-level would not. This case can be extended to the case where human agents are “simulated” by other robots. Our system explores a different trade-off between applicability, cost, and effectiveness. By tolerating some decrease in localization accuracy (for which we provide, though, an upper bound), the practitioner can easily set up a setting suitable for long, unattended experiments with mobile robots.



Powered Floor State of the Art


Traditionally, electrical mobility of robots relies on batteries. This is the standard for road transportation, logistics (Autonomous Ground Vehicles, AVGs), and general purpose mobile robots [2]. The most common solution that does not involve the use of energy storage comes for railway technologies: electrified railroad systems employ sliding contacts mounted on pantographs. In this way the aerial cable conductors close the electrical circuit with the conducting rails [3,4]. Less common and more complex solutions are conductors embedded in the road, introduced for the Ansaldo-Breda project TramWave [5].



AVGs are becoming increasingly popular in the manufacturing industry for logistics applications or, to a lesser extent, for re-positioning manipulators or other automated systems. These robotic systems entirely rely on batteries for their power supply; thanks to this solution, no external infrastructure is required. Conversely, expensive and time-consuming downtime due to charge time is necessary [6,7]. As a consequence, study projects have been conducted in order to find alternative powering strategies [8]. The most common approach found in mobile robots literature is that of wireless energy delivery through the use of resonant inductive coupling [9,10]. A similar approach has been employed in the field of electrical road transportation [11,12,13,14]. Thanks to the intensive development of research in these areas, comparative studies and surveys have also been carried out [15,16,17]. In particular, Jang et al. discuss on the current state-of-the-art of these systems. They pointed out that the benefits of distribution without the need for energy storage are innumerable; however, the costs associated with the necessary infrastructure are still too expensive for large-scale distribution. In fact, wireless power transfer systems require arrays of coils for the transmitter placed throughout the entire floor and produce very high values of stray magnetic fields [15]. Other approaches rely on the logistics of power delivery, rather than on the technology itself; two main areas of investigation are coordinated charging [18] and energy logistics models [19]. For niche applications, special situations where batteries cannot be used and where movement areas are confined, tethered-based power systems have been studied [20,21].



For applications in which a large number of small mobile robots are used, a common way of delivering energy to mobile robots is by means of sliding contacts [22,23]. For this reason, swarm robotics is a field which shows remarkable affinity with the concept of powered floors [24,25,26]. In general, this type of power delivery system allows for relative motion in a single direction, as is the case with slip-rings. However, some examples have been proposed that allow for bi-dimensional relative motion; in 2002, Watson et al. [27] apply a methodology—originally invented by C. Shannon at the AT&T Bell Laboratories in 1950—for continuous power delivery to small mobile swarm robots: this was based on sliding contacts. Another interesting example is the Droplets platform [28].



Powered floors may be particularly beneficial when robots have to be optimized automatically for performing a given task through a trial-and-error process, as in evolutionary robotics [29] or reinforcement learning [30]. By relying on powered floors, researchers can run long-time experiments involving real robots, without the need to pause or stop the experiment to change them. Using real robots is a key strategy for fighting the reality gap problem [31,32] that makes solutions obtained by optimization in simulation far from being optimal when ported in reality.



Ultimately, the application is key in the correct determination of the more suitable type of powered floor. All other solutions (e.g., batteries, tethers, etc.) mentioned up to this point tend to severely hinder the freedom of movement of the vehicles, and are thus ill-suited either for continuous operation or in cluttered environments.



One key aspect in mobile robotics is almost invariably that of robot localization or position determination, i.e., the set of techniques used to determine the configuration of the robot with respect to an inertial global frame of reference. Several techniques exist and are used in various kinds of operating conditions on mobile robots. For a very broad overview on position determination see the recent work from Alatise et al. [33]. The most general classification is between relative and absolute positioning [34]. Methods pertaining to the former determine position relative to the robot frame, and are usually self-contained on the agent itself; the most common example of these are odometric methods, which integrate wheels rotations or acceleration data to infer the past trajectory of the robot [35]; another relative positioning method is Simultaneous Localization And Mapping (SLAM) [36]. Conversely, absolute positioning, most notably represented by Global Navigation Satellite Systems (GNSSs), determines the pose of the robot relative to a fixed reference frame [37]. For fleets of small robots, a promising approach is that of distributed radiofrequency (RF) range-finding and triangulation [38]. A schematic summary of the main techniques is shown in Table 1.



In a previous paper [1], we focused on a systematic study of the alternating bands sliding-contact based powered floor introduced by C. Shannon in the 1950s [27]; we provided a comprehensive framework for contact patterns for robots, based on regular polygons of n sides. In particular we demonstrated that triangle- and rectangle-shaped patterns cannot always guarantee contact, and that Shannon’s pattern itself has several limitations.



The major disadvantage of the solution we proposed in [1] is that, although each robot is autonomous in terms of power, it is not able to determine its own pose and localization. Therefore, an additional localization system is necessary (optical system, LIDAR, etc.). To solve this problem, we have conceived, designed, and tested a special floor that can simultaneously provide electric power and information for the self-localization of each robot. This solution is particularly advantageous in scenarios where a large number of robots are involved (e.g., swarm robotics), or in cluttered or promiscuous environments.



The paper is organized as follows. In Section 2, we present a comprehensive analysis of the concept of chessboard powered floor, along with the main factors that we will take into consideration in the rest of the article. In particular, we introduce a metric to evaluate the robot’s power supply efficiency, intended as the ratio between the set of all the poses in which the robot is effectively powered and the set of all the possible poses reachable by the robot. In Section 3, we present the detailed design of the prototype. In Section 4, we present an experimental campaign to validate both the power supply mechanism and the localization. Finally, in Section 5 we present our concluding remarks.





2. Theoretical Framework


The geometry of the contact pads and of the polarity stripes deeply influences the performance of the powered floor and of the delivery system in general, i.e., the functionality and robustness of the system.



As mentioned in the introduction, the system provides two services: it delivers power to the robot, and allows the robot to localize itself (i.e., to estimate its position and rotation). Regarding the first function, it is necessary to optimize the contact pin configuration of the robot. In particular, we developed a theoretical framework to solve this problem: what is the optimal combination of the number of contact pins and their distance from the robot center that allows the robot to be powered with the highest efficiency? Hence, in order to provide the means for a quantitative approach to the problem, we propose a general framework for the computation of the performance and we introduce an index of efficiency. As far as the localization is concerned, we present an algorithm that, based on the proposed design for the powered floor, allows the robot to estimate its position within a predefined error range.



2.1. Power Supply Framework


Figure 2 graphically represents the mathematical framework of the contact problem. The squares represent the planar conducting pads arranged in a checkered pattern whose side is w: the same voltage   V r   is provided to all the pink squares; moreover, a common voltage   V c   is provided to the green ones.   V c   and   V r   are assigned in such a way that     V c  −  V r   = ∆ V  , where   ∆ V   is the voltage necessary to power the robot. The squares are separated by non-conducting narrow stripes.  Ω  is the geometric center of the robot,   〈 x , y 〉   is the inertial reference frame,   〈   x  ′  ,   y  ′  〉   is the frame linked to the robot, while  ϑ  is the angular orientation of the robot. We call pose the 2-ple   ( Ω , ϑ )   representing the position and rotation of the robot.



The robot is provided with n sliding contacts    Q 1  , ⋯ ,  Q n   , named pins in the following, that power the robot circuitry.   ϕ i   and   r i   are the polar coordinates of the i-th pin with respect to the robot reference frame. The sliding contacts are placed on a circumference, thus all the   r i   are equal. What it is relevant to the problem is the position   (  x i  ,  y i  )   of each pin, namely:


   x i   (  x Ω  , ϑ ,  r i  ,  ϕ i  )  =  x Ω  +  r i  cos  ( ϑ +  ϕ i  )   



(1)






   y i   (  y Ω  , ϑ ,  r i  ,  ϕ i  )  =  y Ω  +  r i  sin  ( ϑ +  ϕ i  )   



(2)







Without loss of generality, let’s assume that the origin of the inertial frame is located at the corner of a pink square, as in figure. Therefore an interval of coordinates   x , y   that bounds a square area is given by the set:


   Z  l , m   =  ( l − 1 ) w + v , l w  ×  ( m − 1 ) w + v , m w  ⊆  R 2   



(3)




where l and m are positive integers that sequentially identify the squares. Therefore the whole area with voltage   V r   is identified by


   Z r  =  ⋃  l , m : l + m = 2 n , n ∈ N    Z  l , m    



(4)







At the same time, the area with voltage   V c   is identified by


   Z c  =  ⋃  l , m : l + m = 2 n + 1 , n ∈ N    Z  l , m    



(5)







In other words,   Z r   is the union of the   Z  l , m    squares for which the sum of l and m is an even number. Conversely,   Z c   is the union of the   Z  l , m    squares for which the sum of l and m is an odd number.



In order to define when a pin is in contact with   V r   or   V c   pad, let’s define the functions:


      f i c  =  f c   Ω , ϑ ,  r i  ,  ϕ i       =     1    if   Q i  ∈  Z c       0   otherwise         



(6)






      f i r  =  f r   Ω , ϑ ,  r i  ,  ϕ i       =     1    if   Q i  ∈  Z r       0   otherwise         



(7)







Therefore, when the i-th pin is powered by a voltage   V c  , the Boolean value of   f i c   is 1 (true), otherwise 0 (false). Likewise, when the i-th pin is powered by a voltage   V r  , the Boolean value of   f i r   is true. Note that    f i r   f i c  = 0   for all i. Given the robot geometric parameters    r i  ,  ϕ i   , and for a given robot pose   (  x Ω  , ϑ )  , the power supply module is powered when a pin i exists for which    f i c  = 1   and, at the same time, another pin j exists (with   j ≠ i  ) for which    f j r  = 1  . Mathematically, this is expressed by the function:


   F ˜   Ω , ϑ ,  r →  ,  ϕ →   =     1    if  ∃ i :  f i r  = 1 ∧ ∃ j :  f j c  = 1      0   otherwise      



(8)




where    r →  =  {  r 1  , ⋯ ,  r n  }    and    ϕ →  =  {  ϕ 1  , ⋯ ,  ϕ n  }   . A value    F ˜  = 1   guarantees power supply for a given pose of the robot on the floor. In order for the robot to reach every point of the working space without losing power supply, it is necessary that    F ˜  = 1   on the entire   ( Ω , ϑ )   space. We can define the function,


  F   r →  ,  ϕ →   =  min  Ω , ϑ    F ˜   Ω , ϑ ,  r →  ,  ϕ →    



(9)




where  Ω  and  θ  represent all the possible robot poses on the floor. In conclusion, a robot with pins position given by    r →  ,  ϕ →    is powered for each pose on the floor only if the following equation is verified:


  F   r →  ,  ϕ →   = 1  



(10)







It is rather difficult to achieve the efficiency imposed by Equation (10); in general this requires to have a large number of contact pins, which complicates the electromechanical realization of the robot. It has to be noted, however, that most mobile robots have backup batteries. Therefore, it is not necessary for the robot to be powered in all the points of a trajectory, but only in most of them. Therefore, instead of ensuring a pin configuration that guarantees that the robot will be powered for every pose, it is better to look for a compromise that balances power efficiency with design simplicity. For this reason, we introduce another index which provides an indication of power supply efficiency:


   I eff   (  r →  ,  ϕ →  )  =  ∫ Ω   ∫ ϑ   F ˜   Ω , ϑ ,  r →  ,  ϕ →   d Ω  d φ  



(11)







  I eff   is in the range   [ 0 , 1 ]  . If    I eff  = 1  , then, for every pose of the robot, there is always at least one pin in contact with pad   V c   and at least one pin in contact with a   V r   pad.



The value of   I eff   depends – in a non-trivial way – by the design of the powered floor system, i.e., on v, w, r, and the number n of pins in the robot. Figure 3 shows, for different values of n (line color), the values of   I eff   vs.   r  v + w    (the relative radius). As one can notice, a value of    I eff  = 1   is reached with a configuration of at least 5 pins and a relative radius of almost 4.



The robot we are going to use to verify the theory is a differential wheeled robot Thymio-II, model 2AFKS-WLTHYMIO (http://www.thymio.it/, accessed on 28 January 2022). The footprint of the robot is inscribed in a circle of radius    r r  = 73  m m   . For construction reasons, the pins are arranged on the periphery of a circle with a diameter r which must be larger than   r r  . Therefore, looking at the graphs in Figure 3, and considering the practical limitations of implementation, a good efficiency trade-off is obtained with   n = 5   and   r / ( w + v ) = 3  . In conclusion, the radius of the pins is set to   r = 75  m m   . In this case the efficiency is   0.85  ; these data have been used to produce the prototype described in Section 3.




2.2. Localization


This section describes the analysis of the capacity of each single robot to determine its pose   ( Ω , ϑ )  , with   Ω = (  x Ω  ,  y Ω  )  . We assume that each pin in contact with a stripe “knows” if it is positioned over a   V c   or   V r   stripe and the progressive number of the stripe: this way the robot is able to estimate its pose exploiting the information provided by a module that detects the position of each pin. We give the details about the electrical modules and the communication protocol that allow the stripes to provide information to the robot via the contact pins in Section 3.



As explained in the introduction, the   Z r   area is powered by   V r   voltage and consists of a series of separate parallel stripes that are intertwined with the vertical ones like the weft of a carpet; we refer to them as rows. At the same time, the   Z c   area is powered by   V c   voltage provided on a series of separate parallel stripes, called columns.



For each pin i, the robot detects two values:




	(1)

	
if the pin is touching a row stripe or a column stripe;




	(2)

	
the (progressive) number of the row (or the column)—rows and columns are numbered sequentially.









The area of the m-th row stripe is given by:


   R m  =  0 , ∞  ×  ( m − 1 ) w + v , m w  ⊆  R 2   



(12)




while the area of the l-th column stripe is given by:


   C m  =  ( l − 1 ) w + v , l w  ×  0 , ∞  ⊆  R 2   



(13)







If the pin is touching the row m, or the column l, the information it receives by the localization system is the pair   ( R , m )  , or   ( C , l )  , respectively, where C and R are binary symbols. More in detail, the i-th pin receives the information   (  T i  ,  s i  )  , with    T i  ∈  { C , R }    and    s i  ∈ N   and:


   T i  =     R    if   (  x i  ,  y i  )  ∈  Z r       C    if   (  x i  ,  y i  )  ∈  Z c        



(14)




and   s i   is the number of row (or column). Therefore, two vectors are associated to each robot pose:


   T p  =  (  T 1  , ⋯ ,  T n  )   



(15)






   s p  =  (  s 1  , ⋯ ,  s n  )   



(16)







These two vectors are used by the robot to estimate its pose on the floor. As explained in the previous section, if the pin number and the radius of the circle encompassing the polygon are chosen appropriately, most of the times there is at least one pin in contact with   Z r   and there is at least another pin in contact with   Z c  .



The coordinate   y Ω   of the robot center  Ω  can be estimated separately by the s coordinate. If the i-th pin records the value   ( R ,  s i  )  , its y coordinate has to satisfy the inequality:


   (  s i  − 1 )  w <  y Ω  +  r i  sin  (  ϕ i  + ϑ )  ≤  s i  w − v  



(17)







Let’s indicate as   p r   the number of pins in contact with rows (where    p r  < p  ), the range of acceptable values of   y Ω   and  ϑ  is given by all the values that satisfy the system:


       (  s 1  − 1 )  w −  r 1  sin  (  ϕ 1  + ϑ )  <  y Ω         s 1  w − v −  r 1  sin  (  ϕ 1  + ϑ )  ≥  y Ω       ⋯       (  s  p r   − 1 )  w −  r  p r   sin  (  ϕ  p r   + ϑ )  <  y Ω         s  p r   w − v −  r  p r   sin  (  ϕ  p r   + ϑ )  ≥  y Ω       



(18)







Let’s indicate the set of inequalities with the concise notation:


   ∐ R   (  y Ω  , ϑ )  < 0  



(19)







Similar inequalities are carried out considering the column. Let’s indicate as   p c   the number of pins in contact with columns (where    p c  < p  ); the range of acceptable values of   x Ω   and  ϑ  is given by all the values that satisfy the system:


       (  s 1  − 1 )  w −  r 1  cos  (  ϕ 1  + ϑ )  <  x Ω         s 1  w − v −  r 1  cos  (  ϕ 1  + ϑ )  ≥  x Ω       ⋯       (  s  p c   − 1 )  w −  r  p c   cos  (  ϕ  p c   + ϑ )  <  x Ω         s  p c   w − v −  r  p c   cos  (  ϕ  p c   + ϑ )  ≥  x Ω       



(20)




or, in concise notation:


   ∐ C   (  x Ω  , ϑ )  < 0  



(21)







Therefore, the set of values of    x Ω  ,  y Ω  , ϑ   that provides the possible combination of robot poses is:


   P r  =   (  x Ω  ,  y Ω  , ϑ )  ∈  R 3  :  ∐ R   (  y Ω  , ϑ )  < 0 ,  ∐ C   (  x Ω  , ϑ )  < 0  .  



(22)







  P r   is inscribed in a hypercube whose vertex values are    x  Ω max   ,  x  Ω min   ,  y  Ω max   ,  y  Ω min   ,  ϑ max   , and   ϑ min  .



In conclusion, we estimate the pose of the robot as:


       x Ω  ^     =  1 2    x  Ω max   +  x  Ω min           y Ω  ^     =  1 2    y  Ω max   +  y  Ω min          ϑ ^     =  1 2    ϑ max  +  ϑ min        



(23)




and the range errors of the estimation is


      ∆  x Ω      =  1 2    x  Ω max   −  x  Ω min          ∆  y Ω      =  1 2    y  Ω max   −  y  Ω min          ∆ ϑ     =  1 2    ϑ max  −  ϑ min        



(24)







To show how the localization algorithm works we consider a particular case as an example. Assume that the actual pose of the robot is given by     x Ω  ,  y Ω  , ϑ  =  ( 6.5 , 4.3 , 0.42 )   . This configuration is sketched in Figure 4.



Pink squares represent   Z r   pads, green squares represent   Z c   ones. The green segment provides a reference on the robot to identify the pins; pin 1 is the one located at the end of the green segment. The others are ordered following a counterclockwise convention. From the figure it can be inferred that pins 1, 4, and 5 are in contact with positive pads, while pin 2 is in contact with a negative pad and pin 3 lays on the insulated area; therefore the robot is powered. The estimated pose of the robot provided by the localization algorithm is      x Ω  ^  ,   y Ω  ^  ,  ϑ ^   =  ( 7.00 , 4.13 , 0.51 )    and the error bounding boxes are    ∆  x Ω  , ∆  y Ω  , ∆ ϑ  =  ( 0.81 , 0.29 , 0.14 )   .





3. Prototype Implementation


In this section we describe the physical realization of the prototype that we used to validate the design and to perform the measurements.



As already mentioned, power sent to the lines is suitably modulated in order to provide each line with a specific identification code related to its position on the floor. The robot extracts the DC power using a multi-phase diode bridge connected to all its pins. It then computes the row or column position of each pin by analyzing the voltage of the pin with respect to ground.



3.1. Power Modulation


All the rows are powered simultaneously. However a different identification code is used or each row; the same applies to columns. Rows and columns are alternatively powered, the other ones (i.e., columns or rows, respectively) being left connected to ground. The repetition period is 14  m  s .



For implementation reasons (see below), rows are grouped in lanes, the lane number being a part of the line identification code; the same applies to columns.



The identification code is based on a simple PWM scheme: the duty cycle D is set to 33% for 0 s and 66% for 1 s, with a bit period of   0.6    m  s , and the code is built as follows:




	
a long (  1.1    m  s ) start pulse is used to ease synchronization at the receiver;



	
3 bits are used to identify the lane; even lane numbers are used for rows, odd lane numbers for columns;



	
4 bits are used to identify the row or column within the lane;



	
finally, a stop bit (always 0 in the present implementation) completes the code.








Figure 5 shows an example of the voltages on two rows and two columns.



The selection of the repetition period is a trade-off between temporal resolution and communication reliability, and takes into account the robot mechanical speed. As already mentioned, we choose a value of 14  m  s , which means that the pose of the robot can be updated 70 times per second.



It is apparent that the present code limits the extension of the floor to a square of 64 rows and 64 columns; obviously, larger floors can be used by simply adding bits to the code.



In the case where there is a contact with at least one pad powered with   V c   and one pad powered with   V r  , it has to be noted that:




	
a voltage difference is available both when    V c  ≠ 0   and when    V r  ≠ 0  ,



	
the average duty cycle of the PWM code, start pulse not included, is 50%,



	
the short dead time at the end of the bursts is partially compensated by the long start pulse.








Hence, it follows that power can be extracted from the floor for approximately 50% of the time.




3.2. Powered Floor


For the development of the prototype of the floor we followed a modular approach: indeed, the floor is obtained by juxtaposition of several suitably designed identical Printed Circuit Boards (PCBs), which we call tiles. This allows us to build a rectangular floor of (virtually) any size simply by connecting a suitable number of them. Each tile is a   25 × 25  c m    PCB with 10 rows and 10 columns of contact pads; each pad is   2 × 2  c m    wide (i.e.,   w = 2  c m   ), the distance between the pads being   0.5    c  m  (i.e.,   v = 0.5  c m   ). Each tile is connected to its 4 nearest neighbors via suitable connections located along the four sides, on the back of the circuit.



Along the upper and left border of the floor we put a set of another type of modules, called transmitters and shown in Figure 6. Each of these modules provides power and row/column identification to the first tile of a row (in case of RT, row transmitters) or column (CT, column transmitter): each tile in turn propagates power and identification to the next one both to the right and below via the already mentioned connections on the back of the PCB. Each transmitter takes care of one lane of 10 rows or 10 columns, so that we have a lane of 10 rows (or columns) for each row (or columns) of tiles. All the transmitters are controlled by another module, called main controller (MC).



In our prototype we used   2 × 2   tiles, so that overall the floor has 20 rows and 20 columns. A picture of the prototype, together with the robot, is shown in Figure 7.



3.2.1. Main Controller


In order to manage the relatively large number of lines, we use a microcontroller (in particular, a low cost dual-core ESP32 SoC) which acts as Serial Peripheral Interface (SPI) master and controls several MCP23S17 16 bit SPI I/O expanders, one for each transmitter.



Once the topology of the floor (i.e., the number and position of tiles) is chosen, the code we define is fixed; consequently, a simple way to generate the identification codes for the power lines is to use a lookup table (LUT). At startup, the MC initializes the LUT with all the codes for the power lines; during operation, it periodically sends these codes to the RTs and CTs, which actually drive the power lines.




3.2.2. Transmitters


Each transmitter is identified by a numerical code, which is set on its PCB via jumpers; this code is even for RTs and odd for CTs and corresponds to the lane number.



As already mentioned, each transmitter is based on an MCP23S17 16 bit SPI I/O expander; it receives the commands from the MC and generates the signals for the power lines. All the transmitters are connected to the same SPI bus; the transmitter identification code is used by each transmitter to know which data it has to read from the SPI buffer.



As the transmitters must provide a relatively large current for the robot power supply, the outputs of each expander (actually, 10 of them, the remaining 6 being left unused) are buffered by three L293 drivers.



The schematic diagram of the MC and one transmitter is reported in Figure 8.




3.2.3. Tiles


As previously mentioned, each tile is a suitably designed PCB, which takes care of both power and signal routing and exposition of the contact pads for the robot. Due to the presence of the pads, it was necessary to use a 4 layer stack-up (see Figure 9).



More in detail, with reference to Figure 10, the top layer exposes the contact pads, mid layer 1 carries the power/signal column lines, mid layer 2 carries the power/signal row lines, the bottom layer routes the column or row lines to the connectors placed along the sides of the PCB.





3.3. The Robot


As already mentioned, we used a Thymio-II robot. It is a differential wheel robot, which we modified in order to accommodate the pins and the electronics for the power supply and the pose estimation.



As shown in Figure 7, we added a Plexiglas (PMMA, polymethyl methacrylate) disk at the base of the robot; we arranged the 5 contact pins along its circumference. Finally, we placed a white label on the top on the robot; the three black dots serve as a marker for a computer vision system, whose camera we placed above the floor. We used this setup to validate the results of our pose estimation algorithm with the experimental campaign described below.



Receiver Electronics


The receiver, also based on an ESP32 SoC, extracts both power and identification signals from the waveforms coming from the input pins. DC power is obtained via a multi-phase diode bridge followed by two linear regulators, one for the battery and the other for the microcontroller.



The signals coming from each pin are photocoupled (we used H11L1 photocouplers) and sent to the microcontroller, which computes the on- and off-times of each input waveform and retrieves the corresponding identification codes using a suitable look-up table. The schematic diagram of the receiver is reported in Figure 11.



As the ESP32 provides both Bluetooth and Wi-Fi connectivity, the robot pose can be easily sent to an external PC in order to either check the system functionality during the test phase, or to analyze the robot behavior.






4. Test Results


We performed an experimental evaluation with a dual goal. On the one hand, we aimed at showing that the robot can be correctly powered; on the other hand, we wanted to validate the pose estimation provided by the localization algorithm.



In order to measure the robot pose precisely, we used a computer vision system as an external pose estimation method. We placed a camera above the powered floor, facing downwards in such a way as to evaluate, moment by moment, the pose of the robot relative to a reference frame overlayed to the edge of the floor. We calibrated the camera to eliminate optical distortions and perspective errors and fed the video stream to a video tracking software (realized in Matlab), able to determine the position of the robot with an accuracy of 2  m  m .



During the experiments, we moved the robot along a set of planned trajectories (using the Thymio-II remote controller), we acquired the electrical signals and recorded the video stream. For each trajectory, we kept note of the position of the robot obtained by the vision system and compared it against the pose estimated by the localization module. An example of comparison of the two values can be seen in Figure 12. The red curve represents the actual trajectory of the robot; the blue line represents the trajectory computed by the localization module; the black line rectangles represent the error range along x and y coordinates as estimated by Equation (23) (i.e., the size of each rectangle is   2 ∆  x Ω  × 2 ∆  y Ω   ). As it can be seen, the actual trajectory of the robot falls, for its largest part, within the envelope of all the rectangles; this shows that the localization system works correctly. By observing the relative position of the red (actual trajectory) and blue (computed trajectory) lines in Figure 12, it can be seen that the distance between the two tends to be larger when the robot crosses, while moving, tiles of the powered floor. This is when one or more pins change the stripe they are in contact with and, as a consequence, the estimated x and y change.



It may be noticed that the rectangles have different sizes. This is due to the fact that there are poses of the robot for which not all pins are in contact with the pads; in principle, the fewer the number of pins, the greater the error with which the position is estimated. Also, there are some poses of the robot that do not allow the localization. This is because if the robot is not powered it is obviously not possible to activate the localization procedure.



The graph in Figure 13 represents the comparison between actual errors and the estimated errors during robot advancement. Specifically, the distance traveled by the robot is represented in the abscissa; we emphasize that the distance is normalized with respect to the pitch of the square contact (  v + w  ). The red line represents the actual error corresponding to the difference (Euclidean distance) between the estimated position of the robot and its actual position detected by the vision system. The blue line represents a parameter related to the “estimated error window,” precisely      ∆  x Ω   2  +   ∆  y Ω   2    . As it can be noticed, the measured errors are smaller than the estimated errors.




5. Conclusions


In this paper, we presented a novel power supply system for mobile robots. One relevant use-case for our system is the execution of long-lasting experiments with mobile robots (as, e.g., in swarm robotics, multi-agent systems, or evolutionary robotics) where localization is needed.



Our system consists of a floor made of conductive pads arranged in a checkerboard pattern. Each pad carries both power and digital signals, so that each robot is able to determine its pose (i.e., position and orientation).



We presented the theoretical framework describing how the geometrical design of the powered floor affects the effectiveness of power delivery and how an estimate of the robot pose can be obtained, with error boundaries. We also described in detail a prototype of the system, including the floor and the robot (obtained by modifying a commercially available robot) that we used for experimentally validating both the power delivery and the localization capabilities of our powered floor.
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Figure 1. Schematic diagram representing the principle of interlacing the various stripes of conductors. The figure does not represent the operating procedure that was used to actually “intertwine” the conductors but only the final arrangement. The insulator bands are not represented. 
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Figure 2. Positions of the 5 robot pins with respect to the conducting pads, in the inertial (a) and in the robot (b) reference frame. 
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Figure 3.   I eff   vs. the relative radius   r  v + w    for different values of the number n of pins.   v + w   is the sum of the widths of the conductive band and the insulator (the border of each square of the checkerboard). 
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Figure 4. Example of robot pose with respect to the powered floor. The red lines are the axes of the inertial reference frame, the green segment indicates the position of the first contact pin. 
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Figure 5. Example of waveforms of   V r   and   V c   on two adjacent rows (top) and two adjacent columns (bottom), respectively. Voltages are either 0 V  or   6.4   V ; thanks to a multi-phase bridge, the robot is able to extract the    |   V r  −  V c   |    to power itself. The first long pulse of each burst is the start signal: the last pulse is the stop bit, always 0. The code shown by the red trace is 01001110b: this means lane   010 b = 2   (even, this means that it is a row), line (row, in this case)   0111 b = 7  , stop bit 0; similarly, for the blue trace the code is 01010000b, i.e., lane   010 b = 2  , row   1000 b = 8  , stop bit 0. Similarly, the code shown by the green trace is 01101010b: this means lane   011 b = 3   (odd, this means that it is a column), line (column, in this case)   0101 b = 5  , stop bit 0; similarly, for the pink trace the code is 01101100b, i.e., lane   011 b = 3  , column   0110 b = 6  , stop bit 0. 
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Figure 6. Block diagram of the proposed system. The white squares represent the tiles. The Main controller controls via SPI the RT and CT modules, which generate and buffer the suitable signals for the row and column lines of the tiles. These signals are propagated along the tiles, horizontally and vertically, using suitable connections placed on the back of each tile. 
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Figure 7. Picture of the mobile robot positioned on the power floor. At the basis of the robot a Plexiglas disk can be seen; the 5 contact pins are positioned along its circumference. On top of the robot, the power supply and localization electronics can be seen. A white label with three black dots serves as a marker for the robot’s pose measurement system—we employed a computer vision system, placed above the floor, to validate the results of the experimental tests. 
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Figure 8. Schematic diagram of the main controller (on the left) and its connection to one of the transmitters (within the rectangle). 
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Figure 9. Typical 4 layer stack-up, used for the PCB of the tiles. The bluish part represents the (isolating) protective coating over the PCB substrate (typically, FR4), while the yellow squares are the gold-plated contacts. 
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Figure 10. In this figure, the conductive layers of the PCB of a tile are shown: (a) Top layer, with the gold coated square contacts, (b) Mid layer 1, for the distribution of the power supply to the contacts for which the sum of l and m (see Section 2.1) is an even number, (c) Mid layer 2, for the distribution of the power supply to the contacts for which the sum of l and m is an odd number, (d) Bottom layer, with the connections between the PCB back side connectors (see Section 3.2). 
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Figure 11. Schematic diagram of the Receiver. The upper part shows the multi-phase bridge followed by two linear regulators, and is used to provide power to the robot; in the lower part, the signals coming from the contact pins (2 out of 6 are shown in the figure) are photocoupled and passed to the receiver microcontroller, which acquires them in order to compute the robot pose. 
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Figure 12. Example of test of the position estimation. The red curve represents the actual trajectory of the robot obtained by the vision system. The blue curve represents the trajectory estimated through the robot internal localization system. The black rectangles represent the accuracy along the x and y coordinates for each estimated robot pose. Horizontal and vertical axes units are normalized to the pitch of the square contacts (  v + w  ). 
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Figure 13. Comparison between actual errors (red line) and estimated errors (blue line) during robot advancement, for the path shown in Figure 12. Both the distance covered by the robot and the errors are normalized to the pitch of the square contacts (  v + w  ). 
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Table 1. Summary of the main robot localization techniques.
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	Technique
	Context
	Dimension
	Requires External Sensors
	Power Delivery





	GNSS [37]
	Absolute
	3D
	Yes
	-



	Motion capture [39]
	Absolute
	3D
	Yes
	-



	RF triangulation [38,40]
	Absolute
	2D/3D
	-
	-



	SLAM (3D LiDAR-based) [36]
	Relative
	3D
	-
	-



	SLAM (Visual-based) [41]
	Relative
	2D/3D
	-
	-



	SLAM (2D LiDAR-based) [42]
	Relative
	2D
	-
	-



	Odometry [35]
	Relative
	2D
	-
	-



	Powered floor with localization
	Absolute
	2D
	Yes
	Yes
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