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In this paper, the bearing-only formation control problem of a class of second-order system with unknown disturbance is investigated, where the control law merely depends on the relative bearings between neighboring agents. In order to offset the effect of unknown disturbance on the system, adaptive estimation is introduced. In the design of the control law, the back-stepping design method and the negative gradient method are used. The Barbalat’s lemma is used to prove the global stability of the system. The simulation results prove the effectiveness of the proposed formation control algorithm.
Keywords: formation control, relative bearing, back-stepping design method, negative gradient method, global stability
1 INTRODUCTION
In recent years, formation control of multi-agent systems has attracted great attention due to its wide application in military, scientific research, and daily life. The information commonly used in the existing formation control are categorized into position, relative distance and relative bearing. In particular, the research on formation control based on position or relative distance are very rich (Lin et al., 2016; Ran et al., 2017; Han et al., 2019; Mehdifar et al., 2019; Sun et al., 2019; Zou et al., 2019; Chen et al., 2020; Liu et al., 2020; Mehdifar et al., 2020; Yu and Chen, 2020). Relatively speaking, there is a lack of researches on formation control based on relative bearing. However, compared to the formation control approaches that rely on position or relative distance, bearing-only formation control has lower requirements for sensors, so it reduces the production cost and has a wide range of application scenarios. Therefore, the research on bearing-only formation control is of great significance.
Zhao and Zelazo (2016) have put forward the definition of bearing rigidity for any dimension and proved the conditions of bearing rigidity, which greatly promoted the development of formation control based on relative bearing. Based on the definition, researchers have done a lot of research. For different agent models such as single integrators, double integrators and unicycles, Zhao et al. (2019) designed a series of bearing-only control laws, which can enable followers to track leaders and reach the specified formation, and proved its stability by use of the standard Lyapunov method. Li et al. (2021) solved the bearing-only formation control problem of the three-dimensional nonholonomic constraints system by transforming the three-dimensional nonholonomic model into Euler-Lagrange-like form and using the back-stepping design method. Zhao et al. (2021) considered the system with local reference frame, they synchronized the orientations of followers with the leader first, and then adopted bearing-only control law to solve the formation control problem of double-integrators without global reference coordinates. Yang et al. (2020) designed a relative position estimator, which uses the relative bearing and the linear velocity information of the leader to estimate the relative position of the leader, and designed a controller with the estimated relative position information to complete the task of tracking the leader. Since collision is devastating to the formation control system, Hu and Yang (2020) proposed a distributed cooperative consensus control algorithm, and proved that this control method can prevent agents from colliding effectively. Besides, Luo et al. (2020) used the maximal clique graph instead of infinitesimal rigidity to express the communication topology between multi-agent with non-holonomic constraints, and designed a bearing-only formation control law to solve the problem of how to achieve global stability without leaders. Compared with these existing research on bearing-only formation control, most of existing research are focused on linear system, while the system studied in this paper is a nonlinear system with unknown time-varying disturbance. Disturbance is inevitable in reality, so it seems of more practical significance to study nonlinear system.
The main contribution of this paper is to propose a novel bearing-only formation control law that can handle second-order system with unknown disturbance. The control algorithm based on the negative gradient method only uses the information of relative bearings between neighboring agents. The adaptive estimation method is introduced to counteract the unknown disturbance, and the back-stepping design method is used in the design process. Then, the global stability of the bearing-only formation system is demonstrated by use of the Barbalat’s Lemma.
2 PROBLEM STATEMENT
Consider a formation system comprising of n agents, and the model of each agent is as follows:
[image: image]
In the formula above, [image: image] stands for the position of agent i, and [image: image] and [image: image] represent velocity and control input of agent i, respectively. Here, [image: image]. [image: image] is the unknown disturbance, and we assume [image: image], [image: image] is unknown constant.
In this paper, we use an undirected graph [image: image] to represent the communication relationship of the system. [image: image] represents the set of agents in the system, and [image: image] represents the set of edges in the system. The edge [image: image] indicates that agent i can measure the relative bearing of agent j, and hence agent j is neighbor of i. Let [image: image] denote the set of neighboring vertices of vertex i, and we also have [image: image].
Define the edge vector and bearing vector, respectively:
[image: image]
As shown above, [image: image] stands for the Euclidean distance between agent i and agent j, [image: image] is neighbor of agent i. [image: image] means the bearing of [image: image] relative to [image: image]. In this chapter, assuming that all agents can perceive the global coordinate system, there are [image: image], [image: image]. Relative bearing of agents can usually be measured by onboard vision in practice.
In this paper, considering the control of formation without leader, the position information of multiple agents is [image: image]. An oriented graph [image: image] is obtained by orienting each edge in the undirected graph G, that is, the direction of any edge in G is calibrated (Biggs, 1974). Define the edge in the graph G, tagging the order from 1 to m, m represents the total number of edges in graph G. Number the edges in [image: image] from [image: image] to [image: image], then get the corresponding incidence matrix [image: image]. The incidence matrix H is a matrix composed of 0, 1, and −1. The elements on the rows of the incidence matrix are indexed by edges [image: image], and the value elements on the columns are indexed by vertices [image: image], namely: except for [image: image] and [image: image], all elements in the row k of the incidence matrix H are zero. Among them, when vertex i is the last vertex of edge k, [image: image], and when vertex j is the first vertex of edge k, [image: image].
Therefore, the incidence matrix is defined as:
[image: image]
where [image: image] denotes the Kronecker product, and [image: image] is the identity matrix.
Assuming that the edge [image: image] in the graph corresponds to the edge k in the directed graph, where [image: image]. The edge and bearing vectors for the kth directed edge can be expressed as: [image: image], [image: image], where [image: image], [image: image].
At the same time, assign an expected vector to each edge vector [image: image] in graph G, which is called [image: image]. In the same way, define [image: image] and [image: image].
In this paper, we use the infinitesimally bearing rigidity to express the communication topology of multi-agent systems. It means that the shape of the formation can be uniquely determined. Zhao and Zelazo (2016) put forward the definition of infinitesimally bearing rigidity for any dimension and proved the conditions of infinitesimally bearing rigidity, which is shown in the following lemma.
Lemma 1: (Zhao and Zelazo, 2016): A framework G in [image: image] is infinitesimally bearing rigid if and only if rank [image: image], where [image: image], [image: image].
In order to design the globally stable formation control strategy, we give the following assumption and the potential function.
Assumption 1: The initial positions of agents do not coincide, and neighboring agents will not collide during formation.
The potential function between agent i and its neighboring agent j is defined as follows:
[image: image]
Define:
[image: image]
The definition of total potential function of agent i is
[image: image]
The problem of the bearing-only formation control to be solved in this paper is formally described as follows.
Problem 1: Consider multi-agent systems of n agents with unknown disturbance, its communication topology is defined by infinitesimal bearing rigidity. For any initial condition other than coincidence [image: image], [image: image], design a bearing-only control law to control the relative bearings between agents reaches the desired value, and all agents are moving at the desired velocity [image: image], which make the multi-agent systems form the specified formation, that is:
[image: image]
3 DESIGN OF GLOBAL STABILIZER
Define [image: image], [image: image], [image: image], [image: image], then we have
[image: image]
Also, let [image: image], [image: image] , then [image: image], so the whole system can be written in the form as:
[image: image]
Then, the control law is designed by use of the back-stepping design method.
Step 1:
Focus on the following subsystems of Eq. 7:
[image: image]
In this subsystem, [image: image], and we use the feedback controller [image: image] to control the relative bearing.
The Lyapunov function candidate is chosen as follows:
[image: image]
Owing to [image: image], [image: image] is symmetric about [image: image], we have [image: image], [image: image], then
[image: image]
The virtual control law [image: image] is chosen as
[image: image]
[image: image]
and it follows that
[image: image]
Step 2:
Then, introducing the error variable
[image: image]
Take the derivative of the above equation, that is
[image: image]
For the above system, the Lyapunov function candidate is chosen as follows:
[image: image]
where [image: image], [image: image] is the estimated value of [image: image] at time t.
Differentiate the function [image: image] with respect to time, we have
[image: image]
Motivated by Wang et al. (2015), the global stabilized formation control law is designed as follows
[image: image]
Because of [image: image], the control law is as follows,
[image: image]
The adaptive law is shown as:
[image: image]
Here [image: image], where [image: image] represents the dth element in [image: image], [image: image], and the sign function is shown as follows:
[image: image]
Remark 1: [image: image]. In practice, [image: image] can generally be measured by onboard vision. At the same time, the rate of change of relative bearing can also be measured by onboard vision with optical flow technology, so [image: image] can be measured.
Remark 2: The sign function in the control law would cause the chattering phenomenon. In simulation or engineering practice, the saturation function [image: image] is usually used to replace the sign function to solve the problem of chattering. When [image: image], [image: image]; when [image: image], [image: image], where [image: image] represents the width of the boundary layer. Whether the saturation function or the sign function is used, the results in engineering practice and simulation are unchanged.
4 STABILITY ANALYSIS
The formation stability is analyzed as follows.
Theorem 1: Under the control law (Eq. 18), the multi-agent systems converges asymptotically to the desired shape and all agents move at the desired velocity [image: image], and the closed-loop system is globally asymptotically stable.
Proof: The Lyapunov function candidate [image: image] is determined by Eq. 15, and note that [image: image] is smooth and hence regular; its generalized gradient (Clarke, 1983) is a singleton which is equal to its usual gradient everywhere in the state space: [image: image] (Shevitz and Paden, 1993). Along with Eqs. 13–19, we can obtain
[image: image]
the above inequality is obtained when [image: image].
Eq. 20 proves that [image: image] is non-increasing, and Eq. 15 shows that [image: image] greater than zero, so it can be inferred that it has a limit [image: image]. Define [image: image], so [image: image]. Integrating both sides of the equation, we have
[image: image]
which means that [image: image] exists and is finite. Now we show that [image: image] is also uniformly continuous.
Since [image: image], [image: image] are bounded. It is concluded that [image: image] and [image: image] are not equal to zero because it is assumed that agents will not collide. So [image: image] are bounded, which indicates [image: image] are uniformly continuous with [image: image]. Since [image: image] is continuous, it is uniformly continuous with [image: image], so it can be deduced that [image: image] is uniformly continuous with [image: image]. According to Barbalat’s lemma (Ge et al., 2002), we can get [image: image], and we can deduce:
[image: image]
In the same way
[image: image]
That is [image: image]
In the following, put the above equation into matrix-vector form
[image: image]
Combining Eq. 2 and Eq. 21, we have:
[image: image]
We can get [image: image]. It means that all the relative bearing vectors [image: image] meet the expected value [image: image], that is, the multi-agent systems meets the expected formation, and the system is globally asymptotically stable.
So, [image: image]. It can be seen from Eq. 13, [image: image], that is to say, [image: image].
In summary, the system will converge to the following set:
[image: image]
That is, the relative bearings between agents reach the desired value, and all agents are moving at the same desired velocity; then the multi-agent systems achieve the desired formation shape.
5 SIMULATIONS
In the simulation, the dynamic model of agents is expressed by the following equation:
[image: image]
Then, we prove the effectiveness of the control law through 2D and 3D simulation examples.
5.1 Simulation for 2-Dimensional
In simulation, we choose [image: image], [image: image], [image: image], [image: image]. Set the initial position of each agent to [image: image], [image: image], [image: image], [image: image], [image: image], the initial velocities of the agents are set to [image: image], [image: image], [image: image], [image: image], [image: image]. [image: image] is the desired relative bearing vector, where [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], and the desired velocity is [image: image]. The simulation results are shown in Figures 1–3.
[image: Figure 1]FIGURE 1 | The trajectories of agents.
[image: Figure 2]FIGURE 2 | The bearing errors.[image: image]
[image: Figure 3]FIGURE 3 | The velocities of agents.
As is shown in Figure 1, the formation converges to the desired regular pentagon. Figure 2 shows the bearing errors converge to zero. Figure 3 illustrates that the velocities of agents converge to desired one. The above results prove the effectiveness of the proposed control law in two dimensions.
Increasing the disturbance by a factor of three, and comparing the results of Figures 4–6 with Figures 1–3, it can be seen that the magnitude of the disturbance will affect the time required for the system to reach stability. The larger the disturbance, the longer it takes to reach stability.
[image: Figure 4]FIGURE 4 | The trajectories of agents.
[image: Figure 5]FIGURE 5 | The bearing errors.[image: image]
[image: Figure 6]FIGURE 6 | The velocities of agents.
5.2 Simulation for 3-Dimensional
In simulation, we choose [image: image], [image: image], [image: image], [image: image]. Setting the initial position of each agent to [image: image], [image: image], [image: image], [image: image], [image: image], the initial velocities of the agents are set to [image: image], [image: image], [image: image], [image: image], [image: image]. [image: image] is the desired relative bearing vector, where [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], [image: image], and the desired velocity is [image: image]. The simulation results are shown in Figures 7–9.
[image: Figure 7]FIGURE 7 | The trajectories of agents.
[image: Figure 8]FIGURE 8 | The bearing errors.[image: image]
[image: Figure 9]FIGURE 9 | The velocities of agents.
As shown in Figure 7, the formation converges to the desired right square pyramid. Figure 8 shows the bearing errors converge to zero. Figure 9 illustrates that the velocities of agents converge to desired one. The above results prove the effectiveness of the proposed control law in three dimensions.
6 CONCLUSION
This paper proposes an adaptive formation control algorithm based on negative gradient method to solve the formation problem of a class of second-order system with uncertain disturbances, and the control law only uses the information of relative bearing between neighboring agents. The algorithm introduces adaptive estimation to counteract unknown disturbances. Furthermore, the back-stepping design method is used in the design process. Then, the global stability of the whole formation system is proved by Barbalat’s lemma. In the end, the simulation results in 2D and 3D show the effectiveness of the algorithm.
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