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Abstract
Autonomous mobile robots are being used to automate many tasks such as cleaning, delivering items, and surveillance. 
Such tasks often require uninterrupted and continuous service. However, robots have limited battery power and must be 
recharged frequently. Since manually charging each robot is not always feasible, automatic charging (docking) stations have 
been developed to automate the process of charging. In a multi-robot system, the tasks are generally distributed between the 
robots, and different robots have different amounts of remaining battery power. Since the charging stations are expensive, 
a limited number of charging points are generally available. Hence, an intelligent planner to manage a limited number of 
charging points for a large number of robots is essential. In this work, we propose a multi-robot path planner for intelligently 
accessing a limited number of charging points distributed on the map. Unlike traditional path planners, which mainly con-
sider the shortest path criterion to generate paths, the proposed planner also considers the remaining battery power of the 
robots, task priority, and robot’s location in the map. It allocates the most appropriate charging station to the robots, which 
require recharging. Simulation results show that the proposed planner can reduce trajectory re-planning, and plan efficient 
paths to the available charging points.

Keywords  Autonomous mobile robots · Service robots · Path planning · Robot charging

1  Introduction

Service robots in the real world need a continuous opera-
tion to perform several tasks. Such tasks include cleaning 
at hospitals and public places, patrolling and surveillance 
of infrastructures, and moving items in a warehouse. These 
tasks often require uninterrupted and continuous service. 

Service robots generally operate in a multi-robot environ-
ment and navigate using various path planning algorithms. 
The robots need to recharge frequently for continuous 
operation. Manually charging each robot is cumbersome 
and inefficient; hence, automatic charging stations have 
been developed to automate charging. Autonomous robots 
can localize themselves in the map, and navigate to the 
charging dock to recharge when the remaining battery 
power falls below a certain threshold. However, charging 
stations are expensive, and a limited number of charging 
points might be available. There may be cases when all of 
the charging stations are occupied. Hence, an intelligent 
planner to manage a limited number of charging points 
with a large number of robots is essential. In this work, 
we propose a multi-robot path planner to manage a limited 
number of charging points. The proposed planner consid-
ers the remaining battery power of the robots, task priority, 
robot’s location in the map, and deadlock avoidance. On 
the other hand, traditional path planners mainly consider 
the shortest distance between the start and goal location 
for path planning, while completely ignoring the remain-
ing battery power of the robots. This is a limitation as 

This work was presented in part at the 25th International 
Symposium on Artificial Life and Robotics (Beppu, Oita, January 
22–24, 2020).

 *	 Abhijeet Ravankar 
	 aravankar@mail.kitami‑it.ac.jp

 *	 Ankit A. Ravankar 
	 ankit@eng.hokudai.ac.jp

1	 School of Regional Innovation and Social Design 
Engineering, Kitami Institute of Technology, Hokkaido, 
Japan

2	 Division of Human Mechanical System and Design, 
Hokkaido University, Sapporo, Japan

3	 Department of Electronics and Telecommunication, 
Vidyalankar Institute of Technology, Mumbai, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s10015-020-00612-8&domain=pdf


53Artificial Life and Robotics (2021) 26:52–60	

1 3

inefficient planning could lead to wastage of battery power. 
This also leads to interruption of service. The proposed 
method allocates the most appropriate charging station to 
the robots, which requires recharging depending on the 
robot’s position in the map, remaining battery power, and 
task priority. Collision avoidance is essential in multi-
robot systems. Collision avoidance in complex scenarios 
often consumes a lot of battery power and time as the 
robots need to plan collision-free trajectories. Multi-robot 
collision avoidance is in-built in the proposed method. In 
addition, the proposed planner intelligently selects the next 
task, which the robot can finish with the remaining battery 
power. This is done by generating a profile of each task 
and prioritizing the tasks. We present the results of the 
proposed algorithm in various scenarios and discuss the 
merits compared to traditional path planning algorithms.

The work presented in this paper focuses on the software-
based control of a limited number of distributed charging 
points in a multi-robot scenario. Previous works have mainly 
focussed on the hardware design of charging point. This 
includes, infra-red sensor based [20], multi-sensor-based [5], 
vision-based [17], WiFi-based [18], wireless charging-based 
[4], k-mediods algorithm-based [22], and RFID-based [3] 
design of charging stations. Other approaches include bat-
tery exchange [21], and communication-based control [8].

2 � Robot configuration and priority score 
estimation

The proposed planner considers the remaining battery 
power, and task priority of the robots in path planning. To 
achieve this, parameters like the power required to complete 
each task, and task priority needs to be configured which is 
explained below.

2.1 � Localization and communication setup

It is assumed that all the robots have a map of the envi-
ronment. It is also assumed that the robots can localize 
themselves in the map. Mapping and localization can be 
achieved using any of the SLAM (simultaneous localization 
and mapping) [9, 15, 16] modules available in the literature. 
A navigation module is also assumed to be available, which 
could comprise of any of the traditional algorithms [12]. 
More information about path planning and path smoothing 
algorithms can be found in [10, 11, 14]. It is also important 
to configure the network module so that all the robots can 
communicate with each other. In addition, there is a com-
mand executor module which generates commands to the 
robot to follow a particular path or leave a charging point.

2.2 � Priority estimation

First, we estimate the battery power required to complete 
each task. This information is maintained in the robot’s 
database. Each robot tracks its battery power status before 
the start of ith task ( Pi

s
 ), and at end of that task ( Pi

e
 ). The 

total power ( Pi
t
 ) required to complete the ith task is given 

as,

The robot’s database is shown in Table  1. The power 
required to complete a particular task may vary for different 
(j) runs of the same task. If the ith task is repeated for total 
m times, the effective power ( Pi

E
 ) required to complete the 

ith task is calculated as,

Different tasks might be assigned to a robot. The same task 
might also be assigned multiple times. In all cases, the total 
effective power required to complete all the (N) tasks is 
given as,

Different tasks are assigned different task-priority scores 
( Ttp ). Critical tasks such as surveillance and escorting peo-
ple are assigned higher task-priority scores. On the other 
hand, tasks like cleaning are assigned a lower task-priority 
score. This is shown in Table 1. An overall priority score is 
calculated using the task-priority score and remaining bat-
tery power. The task-priority score represents the execution 
priority of that task. The overall priority score determines 
which robot needs to be given priority to access a charging 
station in case of multiple requests. A robot which has a high 
task-priority score, and lower remaining battery power ( Prbp ) 
is prioritized, and the overall priority score is calculated as,

(1)Pi
t
= Pi

s
− Pi

e
.

(2)

Pi
E
=

⟨Pi
s
− Pi

e
⟩(j=1) + ⟨Pi

s
− Pi

e
⟩(j=2) +⋯ + ⟨Pi

s
− Pi

e
⟩(j=m)

m

=
1

m

m�

j=1

⟨Pi
s
− Pi

e
⟩(j).

(3)Ptotal =

N∑

i=1

Pi
E
.

Table 1   Mapping tasks, task priority, and power consumed

Task Task-ID ( Ti) Priority ( Tp) Power ( Pi)

Patrolling T
1

10 P
1

Item delivery T
2

8 P
2

Cleaning T
3

3 P
3

Escort T
4

9 P
4

⋮ ⋮ ⋮ ⋮

Others TN 5 PN
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where �p and �t are the weighing coefficients for the power, 
and the task priority, respectively. The coefficients are used 
to tune the influence of the remaining battery power, and 
the task-priority on the overall priority score. A higher �p 
value could be set for robots with small batteries. On the 
other hand, a higher �t value could be set for scenarios where 
tasks of higher execution priorities must be given preference.

In real-world scenarios, the robot’s battery may be about 
to discharge completely. This is a critical case because if 
the robot’s battery is completely discharged while the robot 
is in operation, the robot will stop in the middle of the pas-
sage blocking it. In such scenarios, the robot must be moved 
manually from the area. Such critical situations are handled 
by assigning the robot with the highest priority score. If PTH 
is the critical battery power threshold, the priority score is 
calculated as,

2.3 � Priority queue‑based access to charging station

Each robot is programmed to broadcast a request to access a 
charging station. The request comprises of a key-value pair 
of the robot-id ( Rid ), and a corresponding parameter ( �i ). 
The parameter �i comprises of the task-priority score ( Ttp ), 
remaining battery power ( Prbp ), and current x and y coor-
dinates ( Xrid, Yrid ) of the robot in the map. Hence, a request 
message is a dictionary key-value pair of {Ri ∶ �i} , where,

All the broadcasted messages are maintained in a priority 
queue. A priority queue is an extension of a normal queue 

(4)

Priority score ∝

(
1

Remaining battery power

)
× Task priority

=

(
�p ⋅

1

Prbp

)
× �t ⋅ Ttp

(5)Score, S =

{(
𝛼p ⋅

1

Prbp

)
× 𝛼t ⋅ Ttp, if Prbp > PTH

∞, otherwise

(6)�i = {Ttp,Prbp,Xrid, Yrid}.

in which every item has a priority associated with it, and 
the item with the highest priority is dequeued before items 
of lower priority. If multiple items have the same priority, 
they are dequeued by their order. The status of the charging 
station is also maintained in a database that includes infor-
mation such as the empty and occupied charging points, the 
current battery power level of the docked robots, and the 
next task priorities of the docked robots. The database is 
updated every time there is a change. The database is shown 
in Table 2.

As shown in Table 2, the first four columns of the station 
database shows the charging station’s state i.e. charging sta-
tion ID ( Di ), coordinates of Di ( Xdi, Ydi ), and a flag to repre-
sent if Di is occupied (Y) or not (N). The next five columns 
show the charging robot’s specifications. The fifth column 
contains the charging robot’s ID ( Rid ) or ID of the robot, 
which has been granted access to Di . The last four columns 
comprise of the value of the key �i given by Eq. 6.

If a robot requests access to the charging station, an 
empty charging dock Di is searched by checking the occu-
pancy flag in the fourth column of the station database. If 
an empty charging point exists, the robot is granted a token 
to access that dock. A shortest path is calculated from the 
robot’s current location Xrid, Yrid to the empty dock location 
Xdi, Ydi using any of the path planning algorithms like A-star 
[1], or D-star algorithm [19]. If multiple empty charging 
points are found, the robot is assigned the nearest charging 
point. In both the cases, the station database is updated with 
the Rid , �i , and occupancy flag is set to ‘Y’.

However, the charging station could be fully occupied. If 
the charging station is full, requesting robots must wait until 
a charging point is available. In the case of multiple requests, 
access is granted depending on the priority score. In case of 
‘critical’ conditions in which the requesting robot’s battery 
power is about to drain completely, an empty dock is created 
by forcefully removing a robot which is currently charging in 
the station. First, a charging robot with minimum task priority 
Ttp and maximum remaining battery power Prbp is removed 
from the dock. If such criteria are not satisfied, then a robot 
with medium task priority and adequate battery power is 

Table 2   Charging station 
database

Charging station specification Docked robot specification

Station id. X & Y Coord. 
(station)

Free Robot id Task priority Power X & Y 
Coord. 
(robot)

D
1

Xd1 Yd1 N Rid
1

Tp1 Pl1 Xr1 Yr1

D
2

Xd2 Yd2 N Rid
2

Tp2 Pl2 Xr2 Yr2

D
3

Xd3 Yd3 Y – – – – –
D

4
Xd4 Yd4 N Rid

4
Tp4 Pl4 Xr4 Yr4

⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮ ⋮

Dn Xn Yn N Ridn Tpn Pln Xrn Yrn
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removed. In other words, a robot that has sufficient battery 
power to finish the next task is removed from the charging sta-
tion. The robot is instructed to relinquish the dock access token 
and continue with the next job. If it is not possible to remove a 
robot from the charging point, the requesting robots are denied 
access. They must wait until a charging point is available.

If a robot is forcefully exited, a check is performed to ensure 
that the paths of the requesting robot and the dock relinquish-
ing robot do not overlap to avoid a collision. Collision avoid-
ance is particularly important if the common path of the two 
robots is too narrow. Let Ha→di represent the path from the 
requesting robot’s location (say a) to the allotted dock (di), and 
Hdi→b represent the path of the dock relinquishing robot from 
di to its goal location (say b). Collision avoidance is accom-
plished by calculating and assigning the shortest path to the 
requesting robot as it has low battery power. The path of the 
relinquishing robot ( Hdi→b ) is generated in such a way that it 
does not overlap with Ha→di . In doing so, it is permitted that 
the path of the relinquishing robot is relatively long as it is 
sufficiently charged.

To generate collision-free trajectory, first a virtual obstacle 
[13] is placed on the shortest path ( Ha→di ) generated by the 
requesting robot. A virtual obstacle does not physically exist 
in the environment but is numerically represented on the 
map. Details of the virtual obstacle mechanism can be found 
in [6, 13]. The dock relinquishing robot then plans a path 
considering this virtual obstacle. This automatically avoids 
the shortest path and generates an alternate path ( Hdi→b).

(7)
Ha→di = min

∀i
{Hia→di

}

Hdi→b = min
∀j

{Hjdi→b
∩ Ha→di}

3 � Experiments and results

Four different experiments were performed to test the algo-
rithm. Experiments 1 and 2 were performed to test the 
algorithm when the charging points are located in the same 
location. Experiments 3 and 4 were performed to test the 
algorithm when the charging points are distributed. In all 
cases, A* algorithm [1] was used for path planning. How-
ever, any other path planning algorithm like D-star algorithm 
[19] or Probabilistic Roadmap planner [2] can also be used. 
The cost of movement in the perpendicular direction and 
diagonal direction were set to 1 unit, and 

√
2 units, respec-

tively. The experiments were performed in a multi-robot sce-
nario with 12 robots in which the robots could communicate 
with each other. In real-world scenarios, such configuration 
can easily be set up using ROS [7] (robot operating sys-
tem) which provides features for inter-node communication 
between robots.

3.1 � Experiment 1

Experiments 1 and 2 were performed in a simulated 
100 × 100 grid environment shown in Fig.  1. There are 
6 charging points marked as 1, 2, … , 6. The first experi-
ment was performed to test a scenario in which a robot has 
to recharge, and an empty charging point is available. As 
shown in Fig. 1a, the initial position of the robot (shown in 
green color) was set to x = 90 , and y = 80 . Charging point 
number 5 was unoccupied. The robot planned a path form its 
start position to the empty slot shown by the green path in 
Fig. 1a. Compared to the traditional approach, the proposed 
algorithm has advantages. The information about an empty 
charging point is immediately available to the robot. Moreo-
ver, the exact location of the empty charging point is also 
available to the robot. Thus, the robot can easily plan a path 
from its current location to the empty charging point. In the 

0 20 40 60 80 100

x

0

20

40

60

80

100

y

(a)

0 20 40 60 80 100

x

0

20

40

60

80

100

y

(b)

0 20 40 60 80 100

x

0

20

40

60

80

100

y

(c)

Fig. 1   Experiment results. a Exp-1: the empty charging point 5 is 
immediately accessible to the robot. b Exp-2: traditional planning 
with shortest path criterion generates colliding paths. c Exp-2: pro-

posed method generates non-colliding paths. The requesting robot has 
priority over the shortest path. The dock-relinquishing robot can take 
a longer path as it is well charged
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traditional approach, the robot would have to check each slot 
if it is empty. This checking could be done using visual sen-
sors or Lidar. Successively checking each charging point is 
time-consuming and inefficient for robots with low remain-
ing battery power. In the simulation, the time to check if a 
slot is empty or occupied was set to 15 s. Moreover, check-
ing was programmed to be done sequentially from the near-
est charging point 1 to the last until an empty slot is found. 
The total time (path planning and navigation) consumed in 
accessing the empty charging point in the traditional and the 
proposed algorithm is given in Fig. 2a.

3.2 � Experiment 2

The second experiment was performed to test a scenario 
in which all the charging points are occupied, and a robot 
has to recharge. The experiment setup was the same as that 
of experiment 1, and the robot’s initial position was set to 
x = 90 , and y = 80 . Since all the charging points are occu-
pied, the station database is referred, and information about 
the current battery power levels of the charging robots is 
obtained which is shown in Fig. 2b. It can be seen that the 
robot occupying the charging point 6 is almost fully charged 
(92%), while robots charging at other points are still not 
recharged enough. The priority score of the requesting 
robot was set to be higher than the robot charging at point 
6. Hence, the robot at charging point 6 shown in blue color 
in Fig. 1b was requested to relinquish the charging point.

Shortest path criterion is considered in many traditional 
path planning algorithms. Traditional algorithms gener-
ate the shortest path for both the requesting and the dock 
relinquishing robots, which overlap, as shown in Fig. 1b. 

In Fig. 1b, the path of the requesting robot and the dock-
relinquishing robot is shown in green, and blue color, 
respectively. It can be seen that robot collision is inevitable 
in this case. This is not favorable to the requesting robot as 
its remaining battery power is low, and considerable battery 
power is consumed in collision avoidance and computing 
a collision-free trajectory. However, the proposed method 
considers the power levels of the robots in path planning. 
Therefore, using Eq. 7, the robot relinquishing the charging 
point planned an alternate path that does not collide with 
the requesting robot’s path. The requesting robot has access 
to the shortest path. The result is shown in Fig. 1c. It can be 
seen that the path planned by the relinquishing robot (shown 
in blue color in Fig. 1c) is longer than the path planned using 
the traditional approach shown in Fig. 1b. However, since 
the dock relinquishing robot is sufficiently charged it is not 
a significant limitation.

3.3 � Experiment 3

The third experiment was performed to test the scenario of 
distributed charging stations in a large and complex map. 
Figure 3 shows a 500 × 500 map in which the obstacles are 
shown in black color, and the white color represents free 
navigational space. The obstacles were expanded so that the 
planned paths do not come too close to the obstacles. This 
expansion is shown in green color. There are 12 charging 
stations in Fig. 3 which have been marked as: {A1,A2,A3} , 
{B1,B2,B3} , {C1,C2,C3} , and {D1,D2,D3} . The charging 
stations are distributed in the map, and their locations are 
summarized in Table 3.

In the simulation, 11 of the 12 charging stations were set 
to be occupied by robots leaving only a single non-occu-
pied charging station. In this case, the traditional approach 
would require either a random search or a sequential search 
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Fig. 2   a Exp-1: time to access empty charging point in traditional vs 
proposed method. b Exp-2: robot’s battery power levels at various 
points
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Fig. 3   Map with distributed charging points A1,A2,… ,D3 for exper-
iment 3 and experiment 4
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to find the empty charging station. The results of such ran-
dom and sequential search are shown in Fig. 4. Figure 4 
shows the paths of the robot from the starting position of 
x = 250, y = 250 which is the center of the map. The start 
location is marked as a blue circle, the random goal loca-
tion is marked as a blue square, and the path is shown in red 

color. Figure 4 shows the worst-case scenario of random 
search in which the empty station is found at last. Results of 
random search approach are shown in Fig. 4a–e. Result of 
sequential search of the empty station is shown in Fig. 4f.

Table 4 summarizes the total distance navigated by the 
robot to find the empty station. It also shows the sequence in 
which the goal is reached using a random search and sequen-
tial search. It is evident that although sequential search out-
performs random search, the robot still has to navigate a 
large distance before it finds an empty charging station.

The results of path planning with the proposed method 
are discussed. In the proposed method, robots have access to 
the charging station database, and can immediately acquire 
information about the unoccupied charging points. This 
experiment used the same setup as the previous experiment. 
All the stations except one were set to the occupied state 
by setting the free flag to ‘N’. The results of path planning 
with the proposed method are shown in Fig. 5. Figure 5a–l 
shows the shortest paths planned from the start location 
x = 250, y = 250 to the random empty stations. Figure 6 
summarizes the total distance navigated by the robot to the 
different empty stations. It also shows the total execution 
time of path planning in the proposed method. It can be seen 

Table 3   Location of distributed stations in map

Charging station Position-X Position-Y

‘A1’ 20 327
‘A2’ 20 376
‘A3’ 20 425
‘B1’ 280 485
‘B2’ 327 485
‘B3’ 375 485
‘C1’ 482 156
‘C2’ 482 107
‘C3’ 482 57
‘D1’ 223 15
‘D2’ 173 15
‘D3’ 127 15
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Fig. 4   Path planning to empty station from x=250,y=250 . a–e Random search to empty station. f Sequential search
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Fig. 5   Path planning to empty station with proposed method. a–l Empty station directly accessed through shortest path
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that the paths navigated by the robot are the shortest path 
from the start to the empty charging point. The proposed 
method can immediately find any empty charging point and 
plans the shortest path.

The simulation software was developed on Ubuntu Linux 
OS with Intel Core-i7 2.80 GHz processor and 16 GB RAM. 
Programming was done using Python 3.6, NumPy, and Mat-
plotlib library. The average path planning time for random 
search of empty charging station shown in Fig. 4a–e was 
2.73 s. The average time of sequential search of the empty 
charging station shown in Fig. 4f was 1.28 s. In a random 
and sequential search, path planning had to be done multi-
ple times until an empty charging station was found. How-
ever, the average path planning time to an empty charging 
station using the proposed method was 196.73 ms. Robot’s 
navigation time depends on the speed of the robot and is not 
included in all cases.

3.4 � Experiment 4

The fourth experiment was performed to test if the robot 
could access the nearest empty charging point when mul-
tiple empty charging points are available. In the experi-
ment, multiple charging points were set to empty, and 
the starting location of the robot was set randomly. The 
robot accessed the charging station database to get a list 
of all the free charging points. Then, distances between 
the robot’s current location and all the free charging points 

were calculated. Finally, the robot selected the charging 
point with the minimum distance. Figure 7 shows the 
results of the nearest charging points searched by the 
robot, and the path planned to it from a random starting 
location. Table 5 shows the starting coordinates of the 
robot generated randomly, the nearest empty charging 
point searched, and the distance from the starting posi-
tion to the empty charging point. In all the cases, it was 
confirmed that the robot accessed the nearest available 
empty charging point.

Table 4   Path planning to empty charging station using random search and sequential search

Algorithm Empty doc Path. worst case scenario with empty doc at last (S: Start [ x = 250, y = 250]) Distance

Random-1 D2 S → A3 → A1 → C3 → D3 → B1 → D1 → A2 → B2 → B3 → C1 → C2 → D2 5004.25
Random-2 D1 S → A2 → D2 → C2 → B1 → B3 → B2 → A1 → A3 → D3 → C3 → C1 → D1 3840.39
Random-3 B1 S → D2 → D1 → B2 → C3 → C1 → C2 → A2 → A3 → B3 → A1 → D3 → B1 4656.09
Random-4 D2 S → C3 → A3 → C2 → B1 → D1 → A2 → A1 → B2 → D3 → C1 → B3 → D2 6221.19
Random-5 D1 S → B3 → C3 → D3 → C2 → B2 → B1 → A2 → C1 → D2 → A1 → A3 → D1 5018.92
Sequential D3 S → A1 → A2 → A3 → B1 → B2 → B3 → C1 → C2 → C3 → D1 → D2 → D3 2131.0
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Fig. 7   Direct access to the nearest empty charging station from differ-
ent random starting points through shortest path



59Artificial Life and Robotics (2021) 26:52–60	

1 3

4 � Conclusion and discussion

Robots need frequent recharging to provide continuous 
service. We proposed an intelligent path planner for smart 
access of distributed charging points on the map. The algo-
rithm first calculates an overall priority score based on the 
tasks undertaken and the remaining battery power. The total 
power required to complete each task is calculated. The algo-
rithm also handles critical conditions when the remaining 
battery power of the robot falls below a threshold. Complete 
information about the free charging points is available to the 
robots, and they can immediately plan a path to the nearest 
empty charging point. If all the charging points are occu-
pied, the algorithm can forcefully empty a charging point 
occupied by a robot which is sufficiently charged to do the 
next task. In this case, collision-free paths are planned, and 
the requesting robot is given the shortest path. The charging 
stations could be distributed on the map. Simulation results 
confirm the merits of the proposed algorithm compared to 
the traditional approaches. Testing in real environments is 
considered as future work.
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