
  

1 Introduction 
In recent years, with the continuous development of 
computer technology and digital signal processing 
technology, it makes the function more and more strong, the 
micro processing chip processing speed more and more 
quickly, the development of automatic control technology 
and network communication technology makes the micro 
autonomous mobile robot has received extensive attention[1]. 
Because the multi mobile robot system has better stability, 
stronger fault tolerance and higher efficiency than single 
mobile robot, it has good application prospects and research 
value in the fields of investigation, patrol, rescue and 
environmental survey. The formation control of multi 
mobile robots is the basis of the multi mobile robot system, 
and has become a hot spot in the field of robotics [2]. 
In the design process of multi robot formation algorithm, we 
need to consider many problems such as robot model, 
external environment interference, algorithm control 
accuracy and different formation controllability [ 3 ]. The 
traditional multi robot formation control algorithms mainly 
include leader-follower algorithm [ 4 ], behavior based 
algorithm[ 5 ], graph based method[ 6 ], virtual structure 
method[ 7 ] and so on. The basic idea of leader-follower 
algorithm is to choose a robot as leader in the multi robot 
system. The other robots are follower, and we can control 
formation by adjusting the angle and distance between 
leader and follower. Literature [8] puts forward two kinds of 
formation control algorithms, -l ϕ and -l l . -l ϕ  Algorithm 
controls formation by controlling the distance and angle 
between leader and follower, and -l l  algorithm keeps the 
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formation through the distance between follower and 
adjacent robots. Literature [9] in order to prevent collisions 
between robots, proposed an improved -l ϕ  and -l l  
algorithm based on the virtual gravitation. The 
Leader-follower algorithm is scalable, flexible and good 
motion strategies, but not between leader and follower 
algorithm in the formation of a stable and effective feedback, 
so the tracking error of follower with the interference of 
environment continues to expand, and when the leader fails, 
the whole multi robot system will not work. The basic idea 
of behavior based algorithm is to design basic behavior 
rules for each robot in multi robot system, such as obstacle 
avoidance, collision avoidance, target movement and 
formation. The algorithm can effectively reduce the 
complexity of the whole system of multi robot formation 
control algorithm, but its high requirements on sensor 
detection ability and the ability of communication between 
robots, and to the robot's behavior in the process of 
operation described accurately, it is difficult to guarantee 
the robustness of the system. The virtual structure method is 
first proposed by Lewis M A et al [10]. Its basic idea is to 
regard the whole multi robot system as a rigid whole. Each 
robot is regarded as a point on the rigid body. The advantage 
of the algorithm is that it is easy to design the formation 
behavior of multi robot system, and the formation retention 
rate is high. However, due to the constraint of rigid structure, 
the algorithm lacks flexibility in obstacle avoidance and 
formation transformation. 
Aiming at the deficiency of the traditional algorithm in 
formation control, the formation feedback mechanism of 
multi robot system based on UWB range finder is 
constructed, the relationship between robots is strengthened 
and the complexity of formation control algorithm is 
reduced, and the requirements for data processing capability 
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of a single robot are effectively reduced. At the same time, a 
formation control strategy based on state switching is 
proposed. It can flexibly use the advantages of all 
algorithms in different environments, effectively reduce the 
communication burden between multi robot systems, and 
reduce the complexity of formation control algorithm. 
Finally, the experiment was carried out based on the multi 
robot platform built in the laboratory [ 11 ] to verify the 
effectiveness and stability of the formation control strategy. 

2 Formation feedback mechanism based on 
UWB distance measurement 

Taking into account the UWB measuring system is 
cost-effective, low energy consumption, on the basis of 
laboratory has been done in the work of UWB, at the same 
time as the UWB data structure is simple and conducive to 
real-time processing in the micro mobile robot, designed 
formation feedback mechanism based on UWB distance 
measurement, the schematic diagram is shown in Figure 1. 
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Fig 1. Schematic diagram of formation feedback mechanism based on 

UWB distance measurement 
Let A and B be the two UWB modules on the robot 1, D as 
the center of mass, C as the UWB module on other robots, 

0l  as the baseline, l  is the vertical distance from robot 1 to 

robot 2, and θ  is the angle between the orientation of the 
robot 1 and the robot 2. From Figure 1, it can be obtained: 
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The distance and angle between the various robots in the 
multi robot system can be obtained by the formula (4) and 
the formula (5), thus the whole formation is fed back. The 
above formula is that when the current robot in the 
counterclockwise direction of the rear robot, when the 
current robot in the clockwise direction of the rear robot, the 
formula (3) and the formula (4) become the following: 

 0
2 1 cos

2
ll l a β= − =   (6) 

 sinl a β=   (7) 
The above is the basic schematic of formation feedback 
mechanism based on UWB distance measurement. When 

the number of UWB modules 3≥ , the multi robot system 
can complete the cooperative positioning. Each robot can 
figure out its position relative to the location of other robots. 
Thus maintain and feedback the entire formation. The 
algorithm flowchart is shown in Figure 2. 
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Fig 2. Algorithm flow chart of formation feedback mechanism based on 

UWB distance measurement 

3 Formation control strategy based on state 
switching 

Aiming at the advantages and disadvantages of 
leader-follower algorithm, behavior-based algorithm and 
virtual structure method in traditional formation algorithm, 
this paper proposes formation control strategy based on 
state switching, and flexibly utilizes the advantages of each 
algorithm in different environments to avoid it 
shortcomings, effectively reduce the complexity of 
formation control algorithm and reduce the communication 
burden and data processing capacity between multi-robot 
systems. 
In the design, using the top-down design scheme, the state 
switching mechanism based on composite information is 
designed first, and then the robot control part is designed. 
The control section is divided into the inner loop control and 
the outer loop control. The outer loop control mainly writes 
into three traditional formation control algorithms, and the 
inner loop control is the underlying control algorithm of the 
mobile robot. When the sensor information and the robot 
state reach a trigger condition, the state switching 
mechanism automatically selects and triggers the 
corresponding formation control algorithm of the robot, and 
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then controls the bottom of the mobile robot to complete the 
formation control. The modular design divides the whole 
system into three parts: the underlying control, formation 
algorithm and triggering mechanism are connected to each 
other without interference, which makes the application 
more flexible and convenient for subsequent expansion of 
the system. In the experiment, different mobile robots were 
used, and the control strategies were verified in different 
environments. 
Suppose a multi-robot system is: 
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In the above formula, ( ) n
ix t R∈  represents robot i  

position, ( )iv t  represents robot i  speed, ( )iu t  represents 
robot i  control input, and robot i  control strategy is as 
shown in Figure 3. 
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Fig 3. Robot i  control strategy 

Assuming that the weight ija  of the connection between the 

robot i  and the robot j  network changes with time, the 
topology of the multi-robot system can be expressed as 
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In the above formula, ˆ
pL  is a known constant 

matrix, 0m > , ( ) 0p tη > ,
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the formation control strategy function is as follows: 
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In the above formula, 1 2,k k  is the design of the control 
function coefficient, 
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information, h  is the time taken by the UWB module to 
refresh once, τ ( 0 hτ≤ ≤ )is time delay, 

10 20 0( ) diag[ ( ), ( ), , ( )]NC t c t c t c t= ,

{ }( , , )kt k 0 1=  is trigger time list, 

{ }{ }max , 0,1, ,
i

i i i i i
k lt t t t l t t= ∈ = ≤  is robot i  

last trigger moment. The next trigger time by the trigger 
mechanism to determine: 
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In the above formula, , 0α β >  is design the trigger 
threshold, 
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kt t= , ( ) 0, ( ) 0ix ive t e t= = . When either ( )ixf t  or 

( )ivf t  has any one greater than zero, the status of the robot 
i  will be transmitted to the multi-robot network, and the 
zero-order retainer will be used to maintain its status when 
not transmitting: 
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Available from formula (8) and formula(11), robot i  
formation status error is: 
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The robot i  can be expressed as: 
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4 Simple obstacle avoidance strategy 
About multi-mobile robot formation obstacle avoidance 
algorithm is not in the scope of this article, however, in 
order to fully verify the validity and robustness of the 
proposed state-switching formation control strategy, a 
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simple obstacle avoidance strategy is designed for the leader 
to see whether other robots can effectively trigger the state 
switching based on the leader state to complete the obstacle 
avoidance and maintain the team shape. at the same time to 
verify the number of state switching and formation control 
effect. The leader in the design is equipped with a rplidar 
laser sensor. When an obstacle appears near the robot and 
its distance is less than the safety distance, the given task 
does not change, but a control reverse to the obstacle is 
added to it. The closer the distance to the obstacle, the 
reverse Control the more intense, thus completing the 
obstacle avoidance, the algorithm flow chart is shown in 
Figure 4. 

 
Fig 4. Leader obstacle avoidance strategy 

5 Experiment 
Based on the lab-built multi-robot network architecture, 
experiments were conducted on self-designed 3-wheel 
omni-directional robot and UWB ranging module. The kind 
is shown in Figure 5. Three sets of experiments were carried 
out to verify the effectiveness and robustness of the 
algorithm. In the experiment, a UWB positioning system 
was set up to measure the trajectory of the robot, and the 
error was compared with the expected trajectory. 

 
Fig 5.  Multi-robot system 

Experiments 1 and 2 respectively completed the multi-robot 
formation tracking circular trajectory and formation 
tracking sinx trajectory, the results shown in Figure 6, 
Figure 7 and Table 1, Table 2 below. Experiments 1 and 2 
respectively completed the multi-robot formation tracking 
circular trajectory and formation tracking sinx trajectory, 
the results shown in Figure 6, Figure 7 and Table 1, Table 2 
below. The experimental results show that the multi-robot 

system can effectively form a formation. The formation 
formation remains stable and the trajectory tracking is in 
good condition. Only a few state transitions are needed to 
complete the formation tracking control. Under the premise 
of ensuring formation control precision, the communication 
burden and data processing pressure between multiple 
robots are effectively reduced, which proves the 
effectiveness and robustness of the proposed control 
strategy. 

 
Fig 6.  Formation tracking circular trajectory experimental results 

Table 1 formation tracking circular trajectory experimental 
results 

 State switching times 
(times) 

Root mean square 
error (m) 

Robot 1 6 0.124 
Robot 2 8 0.119 
Robot 3 9 0.131 

 
Fig 7. Formation tracking sinx trajectory experimental results 

Table 2 Formation tracking sinx trajectory experimental results 

 State switching times 
(times) 

Root mean square 
error (m) 

Robot 1 12 0.132 
Robot 2 14 0.137 
Robot 3 16 0.134 
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Experiment 3 completed obstacle avoidance, the results 
shown in Figure 8 and Table 3. Experimental results show 
that multi-robot can effectively avoid obstacle avoidance 
and resume formation after obstacle avoidance; formation 
control strategy based on state switching can meet the 
requirements of real-time and stability of multi-robot 
formation control. 

 
Figure 8 formation obstacle avoidance experiment results 

Table 3 Formation obstacle avoidance test results 

 State switching times 
(times) 

Robot 1 4 
Robot 2 4 
Robot 3 5 

6 Experiment 
Aiming at the advantages and disadvantages of the 
traditional leader-follower algorithm, behavior-based 
algorithm and virtual structure method, this paper proposes 
a formation control strategy based on state switching based 
on UWB ranging. While giving full play to the advantages 
of each formation algorithm, the disadvantages of each 
algorithm are abandoned as much as possible, which 
reduces the complexity of formation control algorithm and 
reduces the communication burden of the robot and the data 
processing ability. At last, the validity and robustness of the 
proposed strategy are verified by constructing a multi-robot 
platform. 
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