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This study addresses the problems of formation control and obstacle avoidance for a class of second-order multiagent systems with
directed topology. Formation and velocity control laws are designed to solve the formation tracking problem. A new obstacle
avoidance control law is also proposed to avoid obstacles. Then, the consensus control protocol consists of the formation, velocity,
and obstacle avoidance control laws. The convergence of the proposed control protocol is analyzed by a redesigned Lyapunov
function. Finally, the effectiveness of theoretical results is illustrated by simulation examples. The simulation results show that the
formation tracking problem of the given multiagent systems can be realized and obstacles can be avoided under the proposed

control protocol.

1. Introduction

The cooperative control problem of multiagent systems has
been attracted outstanding attention in the past few years
due to its widespread applications in multisensor systems
[1], mobile robot systems [2, 3], unmanned aerial vehicle
systems [4, 5], power distribution networks [6], and so forth.
The basic problem of cooperative control is consensus, in
which the objective of consensus is to design an appropriate
control protocol, such that the output of all agents can
achieve synchronization or track a desired trajectory.
Currently, the consensus control problems of multiagent
systems have been extensively addressed in existing papers.
Many control protocols have been designed to achieve the
consensus control of multiagent systems. In [7], the dis-
tributed linear control protocol for the linear multiagent
systems with limited interaction ranges was designed. It-
erative learning control protocols were proposed in [8-10] to
solve the consensus tracking problem of nonlinear multi-
agent systems. In [11], the consensus problem of nonlinear
multiagent  systems with directed topology and

communication constraints was investigated, in which each
agent communicated only with its neighbors. Moreover, in
[12], a consensus protocol with the local state information
was proposed to solve the event-triggered control problem of
general linear multiagent systems. The finite-time consensus
tracking control problem of multiagent systems with un-
certain nonlinear dynamics and error constraints was in-
vestigated in [13], in which the nonsingular fast sliding mode
control technique was used.

It is not difficult to see from the abovementioned papers
that the research on the consensus control problem of
multiagent systems has achieved rich results. However, these
papers do not further analyze the formation control problem
of multiagent systems. As an important research direction,
the formation control problem has played an important role
in many fields, such as the formation control of spacecraft
[14], multiple aerial vehicles [15], multiple quadrotors [16],
and mobile robots [17-19]. The formation control of mul-
tiagent systems has been discussed in some studies. In [20],
the optimal formation problem of first-order multiagent
systems with fixed communication topology was considered.
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In [21], the formation tracking problem with distributed
observer was addressed, in which the distributed formation
tracking control protocol was constructed. The control
protocol with communication time-varying delay was pre-
sented in [22]. Furthermore, the formation control strategy
with position estimation [23] and the distributed formation
iterative learning control protocol [24] were also addressed.
Meanwhile, the consensus control protocols for the multi-
agent systems were proposed to solve the problem of col-
lision avoidance [25-27]. It should be pointed out that the
results on the formation control or the control of collision
avoidance are discussed separately. To the best of the au-
thors’ knowledge, however, it should be paid attention to
prevent the collision with obstacles while solving the for-
mation problem of multiagent systems. However, the
problem has received minimal attention in the existing
literature.

Inspired by the abovementioned facts, this study in-
vestigates the formation control and obstacle avoidance for a
class of second-order multiagent systems with directed to-
pology. The main contributions of this work are as follows:
(i) the formation control law and velocity control law are
designed to solve the formation tracking problem of given
multiagent systems with directed topology. Furthermore, a
new obstacle avoidance strategy is proposed to guarantee
that all agents avoid obstacles. (ii) By comparing with the
control protocols proposed in [24-26], the current con-
sensus control protocol consists of the designed formation
control law, velocity consensus control law, and obstacle
avoidance control law. The purpose of this is to solve the
formation control and obstacle avoidance problems of the
given multiagent systems at the same time. (iii) To prove the
convergence of the proposed control protocol, a new Lya-
punov function is structured in this paper. Finally, two
simulation examples are provided to illustrate the effec-
tiveness of the proposed control protocol.

The remainder of this paper is organized as follows.
Graph theory is introduced in Section 2, and the problem
formulation is given in Section 3. In Section 4, the control
protocol design and convergence analysis are discussed.
Next, the simulation examples are provided to illustrate the
effectiveness of theoretical analysis in Section 4. Finally,
conclusions are drawn in Section 5.

2. Graph Theory

Let & = (7,E, /) denote a directed graph with a set of
nodes 7 ={v;,...,v,} and a set of directed edges
={(i, j),i,j € 7', andi# j}. The weighted adjacency ma-
trixis of = [a;;] € R, wherea] >0ifand onlyif (4, j) € &;
otherwise, a;; = 0. Agent j is called the neighbor of i if agent i
receives the information from agent j. The set of neighbors
of agentiis defined as #/; = {vj: (vj,v;) € %}.The Laplacian
matrix £ is denoted by Z=2-4, where
P = diag{d,,...,d,} with d; =% . ya;;. The graph @ is
connected if there exists a path between any two vertices.
In this paper, the multiagent systems with n agents are
considered. Hence, the exchange information among agents
can be modeled as the directed graph n with n nodes.
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According to the related knowledge of the graph theory &,
we can theoretically analyze the control problem of multi-
agent systems. In addition, in order to achieve the desired
formation shape, the distance between agents should be set.
Hence, in this paper, let the matrix k is defined as the desired
formation shape of given multiagent systems. Here, the
matrix h = [hy,...,h,] and h; = [hy, ..., h;,]" with h;; be-
ing the desired distance between agent i and agent j.

3. Problem Formulation

In this paper, a class of second-order multiagent systems
with # agents is studied, and the ith agent’s dynamics are
described as

Xi(t) = Vi(t),
‘] . (1)
Vi (t) = U; (®),
where x;(t) € R, v;(t) e R,and u; (1) e R (i=1,...,n) are

the position, velocity, and control input of agent i,
respectively.

To facilitate the following discussion, the time variable ¢
will be ignored if there is no ambiguity. In addition, some
definitions and lemmas are given as follows.

Definition 1. Function ©(x;;) for x;; is a nonnegative
function if the following properties are satisfied at the same
time:

— 0

(1) O(x; )—>ooforx]

(2) @(xij) —> oo for x;; — 00

ij
(3) ®(xij) — 0 for X — h,-j

where x;; is the Euclidean distance from agent i to j, i.e.,

= llx; = x;ll.

Lemma 1. For a given multiagent system, let V, o (x;;) be the
gradient function of a continuous dzﬁerentzable functlon
0 (x;;); then, the following property is held:

1 n n
33 ¥ Veolw)i-5) =Y 3 Vo) @
i=1 ]:1,]#: i=1 ] 1]#1
Proof. For a given multiagent system, let z;; = x; — x; then,
one has
Zij=X—X;=Vi— V. (3)
Furthermore, we can obtain
_aa(xij) aa( )az aa(xij)
Vxolxy) = ox, dz; ox; 0z, )
do(x;;) 90(x;;) 0z;  9a(x;)
Vo) = ox, oz, ox, om O

ij ij

For the given multiagent systems, it is easy to obtain that
Xij = llx; — x]-II = ||xj - ijI = Xji» where xj; represents the
Euclidean distance from agent j to i, and then, we have
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a(x,»j) = a(x,»j). Hence, on the basis of equations (4) and (5), Considering equation (6), we obtain
one obtains
Vxla(xij) = —ija(xij). (6)
1 n n 1 n n 1 n n
52 2 Veolw)(i-%) =52 2 Vaolx)ti-5 ) X Vao(xy)x
i=1 j=1,j#i i=1 j=1,j#i i=1 j=1,j#i
1 n n 1 n n
=32 2 Vsolui)tig 2 ) Vel
i=1 j=1,j#i Jj=li=Li#j
1 n n 1 n n (7)
=5 Z Z Vxlcf(xl])x, + 3 Z ‘ Z tha(x,])xl
i=1 j=1,j#i Jj=li=Li#j
l n n 1 n n n n
_ (5 DRI x,>vx,a(xi].) -3 S Voo(n)
i=1i=Li#j Jj=1j=1,j#i i=1i=li#j
n
and it is obtained that Uy = — Vx,@(xi]) (10)
Jj=1j#i

M=

%Z Z Vo) (% - %)) =

i=1 j=1,j#i i

vi‘z ina(xij). (8)

j=Lj#

I
—_

The proof is completed.

The control objective of this study is to design a suitable
control protocol u; (t) (i = 1,...,n), such that the output of all
agents can achieve desired formation shape without obstacles,
that is, lim, . (x;(f) - x; (1) = hi]- and lim,_ v, (t) =
v;(t),wherei# j € {1,...,ntand hij € h. Meanwhile, it is also
guaranteed that the desired formation shape can be main-
tained after avoiding obstacles. O

4. Control Protocol Design and
Convergence Analysis

4.1. Control Protocol Design. On the basis of Definition 1, the
nonnegative function © (x;;) is designed as

[ -

®(x) =aln il + (i+jef{l,2 n})
L e T B

if
9)

where a > 0 is the formation control coefficient. The curve of
function O (x; ;) is shown in Figure 1.

Figure 1 presents that © (x;;) >0 regardless of how to
change the distance between agents i and j. That is to say,
@)(xij) —> +oo0 for [|x; - ijI — Oand [|x; - x]-II — +00,
and ©(x;;) =0 for |x; -x;l = h,-j, where i#j e {l,...,n}.
This condition implies that agents i and j can hold the desired
distance. Therefore, the formation control law of the given
multiagent systems can be designed as

To maintain the velocity consensus, a velocity control
law is designed as

n
wp= Y, ay¥(vi—v;),

j=L#i

(11)

where W (v; —v;) is called velocity adjust function and
represented as
Bv;—v)

, (i+je{l,2,...,n}),
1+(v,-— vj)z

¥(v; - v;) =

(12)

where 3> 0 is the velocity control coeflicient. On the basis of
equation (12), the function ¥ (v, — v J-) will be equal to zero as
vi=v; fori#je{l,...,n}.

When obstacles exist in the environment, to prevent the
collision with obstacles, a new control strategy U, for agent
i is regarded as

0, |x; = Oy >R,

R2_p2

2
Yo, =1 Y(W— 1) . r<|x -0y <R, (13)

not define,

-0yl

where y > 0 is the avoidance control coefficient; x; is the position
of agent i; Oy, r, and R represent the center, radius, and
maximum detection radius of an obstacle, respectively; and ||x; —
O, |l is the Euclidean distance between agent i and an obstacle.
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2.5

[Ix; -

xj”

FiGgure 1: The curve of function ®(x1-j).

By taking gradient of function U, ,

~®R-)(R - -0y )

-0 >R

Vx UOM =37

i

not define,

By checking equations (13) and (14), we have
hmllxi—Ob_H — R‘U_Obi = hmller_bH - R_*UOM = 0 from equation
(13), which implies that Uo,, is continuous at lx; — Oyl = R
and lim"x’;_ob” N R’VX,-(_]OW : ) lim"X;_Ob” [N R+inl].0bi =0
from equation (14), which indicates that V, Uy is also
continuous at [x; — Oyl = R

On the basis of the above analysis, the new obstacle
avoidance control law can be designed as

U = -V, Uo,. (15)
Hence, considering the formation control law u;,, ve-
locity control law u;,, and obstacle avoidance control law u;,,
the consensus control protocol for agent i can be selected as
u; = u;, + Uy, + u,,, that is,
[ - =]
N ﬂ

ic>

(16)

4.2. Convergence Analysis. The main results of this work are
shown in Theorem 1.

(hi- ol - )

(-0, r<ls-0i <R (1)

||xi - Ob" <r.

Theorem 1. Consider the multiagent system (1) with the
directed communication topology and the consensus control
protocol (16), and assume that multiple obstacle surroundings
being considered or not; then, all agents can achieve the
desired formation shape and maintain the velocity un-
changed, ie., lim, o, (x; (£) = x;(t)) = hy; and
lim, v, (£) =v;(t) with i#je{l,....n} and h;; €h.
Meanwhile, the desired formation shape will still be held after
avoiding obstacles.

Proof. The Lyapunov function candidate is considered:

1 n ) n
:521}144- ( )+Z;Uoh’_.
i= i=

On the basis of equation (17), (1/2) Y%, v?

(172) Y72y ¥y 4 © (x;) are continuously dlfferentlable inx
and v. As sﬁown in equatlon (13), ¥iL, Ug, is also a dif-
ferentiable function. Equation (17) presents that
(1/2) ¥, v} > 0. Figure 1 indicates that the second item in
equation (17) (1/2) Y%, ZJ 1,j+ © (x,]) > 0 is easily obtained.
Furthermore, function U, >0 is obtained from the de-
scription of equation (13). Then, the third item in equation
17y, Up, 20 can be acquired. Equation (17) is hence an
effective Lyapunov function, and V (x,v) >0.

n n

22

i=1 j=1,j

V(x,v) (17)

l\)l'—‘
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By taking the derivative of function V' (x, v) along with x
and v, we have

i=1 i=1 j=1,j#i
n n n n
=2 2 Va®(xy) v 2w D, a¥(vi-v))
i=1  j=1,j#i i=1  j=1,j#i
n
z ViV, .Uo,

i=1 j=1,j#i i=1
n n n n

==2v 2 Va®(xy)+ 2w D a¥(vi-v)
i=1  j=1,j#i i=1  j=1,j#i

(18)

r= {(x, v): Vix,v) =

then we have T2 {(x,v): v, =--- = v,}.

The preceding analysis implies that V (x,v) = 0 if and
only if v, =-.- =v,. Moreover, let v, =---=v, =d, and
obtain x; —x;=v;-v;=d-d=0. Thus, the consensus
problem of the multiagent system (1) can be achieved.

Considering equation (9), let

(iii o)
e

i=1 j=
where ||x; — x;|| = h;; is the equilibrium point of the mul-
tiagent system (1), and equation (17) has the minimum value
under the equilibrium point.

The analysis of equation (23) shows that each agent can
maintain the desired distance hij, that is, |x; - x]-|| = hi]-,
which indicates that the desired formation is achieved.
Function V (x, v) is a bounded function due to V (x, v) <0.
Therefore, the agents can avoid obstacles under the con-
sensus control law (16). The proof is completed. O

NISQ

(23)

5. Simulation Analysis

A class of second-order multiagent systems with four agents
is considered. The desired formation shape is defined as a

n-1 n L. L — .
}z (X’V)fﬁz Z aiju_

i=1 j=i+1

5
where the control protocol (16) is applied.
Lemma 1 is considered, and we obtain
n n n
*Z 2 Va®(x) (%= %)) = 2 vi ), V().
i=1 j=1,j#i i=1  j=1,j#i
(19)

Substituting equation (19) into (18) results in

V(x,v)=iv, i a; ‘I’(v—v) Z Z (v—v) (V»—Vj).

i=1  j=1,j#i i=1 j=i+l

(20)

Substituting equation (12) into equation (20) yields

Vi(x,v) = ﬁri i aqw

i=1 j=i+l 1 +(vi - Vj)z
, (21)
—1 —
_—ﬁnz i aij (Vl V]) <0
i=1 j=i+l 1 +(vi - VJ)
If
)( Vl)_o,l_l, -1t (22)

square. The length of the square is set as 4. The number of
obstacles is set as 3. The dynamics of the four agents are
described as equation (1), that is,

3&,' (t) = Vi (1),
1}i (t) = ui (t)a
and Figure 2 presents the directed topology among agents.

On the basis of Figure 2, adjacency matrix &/ and desired
distance h are as follows:

(24)

0001
MZIOOO)

0100

0010

r 0 4 42 4 (25)
. 4 0 4 42

42 4 0 4

L 4 42 4 0

The four agents’ initial positions are given as (2.5,1.7),
(1.3,0.8), (1.9,2.4), and (0.6, 1.5), and the initial velocities
are given as (0.5,0.3), (-0.5,0.3), (0.5,-0.3), and
(=0.5,-0.3), respectively. The positions of the three obsta-
cles are set as (26, 16), (40, 30), and (60, 25). The radius and
detection radius of the three obstacles are (2.5,5.5),
(1.0,2.5), and (2.0,4.0), respectively. The simulation time



FiGure 2: Communication topology with four agents.

t =30s, and the other parameters are given as a = 2.5,
B =15, and y = 4.0.

Two simulation examples are provided below to illus-
trate the validity of theoretical analysis.

Example A. Consensus analysis without obstacles.

The formation tracking problem without obstacles is
considered in this example. Figures 3-7 display the for-
mation tracking results.

Figures 3 and 4 exhibit the tracking results of position
and velocity without obstacles, respectively. By virtue of the
results of Figures 3 and 4, it can be easily found that the
consensus formation tracking problem of the multiagent
system (1) with the designed control protocol (16) can be
achieved. Figure 5 shows the desired formation shape, which
indicates that the desired formation tracking problem can
also be solved under the proposed control protocol (16).
Figure 6 depicts the desired distance among agents. This is
completely consistent with the theoretical results, which
further illustrate that the control protocol designed in this
paper is effective. In addition, the control input curves of the
four agents are given in Figure 7.

Opverall, the results of Figures 3-7 show that the control
protocol designed in this paper is effective. Although the
existence of obstacles is not considered, the four agents can
still achieve consensus, and at the same time, they can
achieve and maintain the desired formation shape.

Example B. Consensus analysis with multiple obstacles.

In this example, three obstacles are considered in the
process of achieving formation tracking. The initial position
and velocity of each agent are the same as those in Example
A. Figures 8-12 display the formation tracking results.

Figures 8 and 9 show the tracking results of position and
velocity with three obstacles, respectively. Although three
obstacles are considered in the process of achieving for-
mation tracking control, the consensus can still be solved
under the consensus control protocol (16). The tracking
results of position and velocity of the four agents have
changed due to the existence of obstacles. Figure 10 presents

Mathematical Problems in Engineering

~ 100

.

posifl'oll
—— Agentl Agent3
--- Agent2 --- Agent4

FiGure 3: Position tracking curves without obstacles.

Time (s)

—— Agentl
- -~ Agent2

Agent3
--— Agent4

FIGURE 4: Velocity tracking curves without obstacles.

the desired formation shape, which implies that the for-
mation can be maintained after avoiding obstacles. As can be
seen from Figure 10, when an obstacle appears during the
operation of the agent, the agent will bypass the obstacle
under the action of the designed control protocol. After
circumventing obstacles, the agents will continue to main-
tain the desired formation shape under the control protocol.
This also illustrates the effectiveness of the control protocol
designed in this paper from another angle. Figure 11 exhibits
the desired distance of the four agents. The results in Fig-
ures 10 and 11 illustrate the effectiveness of the theoretical
results. Figure 12 displays control input curves.

In general, the consensus control protocol (16) designed
in this study not only can achieve the desired formation
control but also can avoid obstacles and maintain the for-
mation shape after avoiding the obstacles.
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y (m)

— Agentl Agent3
- -~ Agent2 --— Agent4

FIGURE 5: Desired formation shape without obstacles.

4.5 - - - - -
hj=4
[}
1 | \\ / i
0_5 1 1 1 1 1
0 5 10 15 20 25 30
Time (s)
— hy h3y
—== hy - hy
FiGure 6: Desired distance without obstacles.
10 - - - - - 15 - - - - -
10 + e
& 5 i
-5 1 1 1 1 1 -5 1 Il Il Il Il
0 5 10 15 20 25 30 0 5 10 15 20 25 30
Time (s) Time (s)
— Agentl Agent3 — Agentl Agent3
- -~ Agent2 --- Agent4 - -~ Agent2 --— Agent4
(a) (b)

Figure 7: Control input curves.
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40
S
Posy, 20
%n

— Agentl Agent3
- -~ Agent2 --— Agent4

FIGURE 8: Position tracking curves with obstacles.

Porey,

. 2 .
) Aty
3 5= < oo
— Agentl o Agent3
- -~ Agent2 --- Agent4

F1GURE 9: Velocity tracking curves with obstacles.

— Agentl Agent3
- -~ Agent2 --- Agent4

Figure 10: Desired formation shape with obstacles.
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h,-j =4

O 1 1 1 1 1

0 5 10 15 20 25 30

Time (s)
I hlZ h34
== hy == hy
FiGURE 11: Desired distance with obstacles.

10

20 25 30
—— Agentl Agent3
--- Agent2 --- Agent4

25 30

Time (s)

—— Agentl
- -~ Agent2

Agent3
--- Agent4

Figure 12: Control input curves.

6. Conclusions

The consensus problems of formation control and obstacle
avoidance for a class of second-order multiagent systems
with directed topology were considered in this study. The
designed control protocol consisted of the formation, ve-
locity consensus, and obstacle avoidance control laws. A
designed Lyapunov function was applied to analyze the
convergence of the designed consensus control protocol.
Under the given directed topology, the formation control
problem of the multiagent systems without obstacles was
solved by using the designed consensus control protocol. At

the same time, the desired formation control can be achieved
and maintained despite the existence of obstacles in the
environment.

Data Availability

The figure data used to support the findings of this study are
included within the article.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Authors’ Contributions

Lichao Wang and Xing Li contributed equally to this work.

Acknowledgments

This work was partially funded by the Anhui Provincial
Natural Science Foundation (no. 1808085MF182), Anhui
Natural Science Foundation (no. 1808085MF182), Anhui
Provincial Key Research and Development Plan Project-
Special Scientific and Technological Cooperation with
Foreign Countries (no. 1804b06020368), National Natural
Science Foundation of Anhui Polytechnic University (no.
Xjky02201906), and Youth Research Fund of Anhui Poly-
technic University (no. 2017YQO03).

References

[1] F. Rastgar and M. Rahmani, “Consensus-based distributed
robust filtering for multisensor systems with stochastic un-
certainties,” IEEE Sensors Journal, vol. 18, no. 18,
pp. 7611-7618, 2018.

[2] Y. Wang, D. Wang, S. Yang et al., “A practical leader—follower
tracking control scheme for multiple nonholonomic mobile
robots in unknown obstacle environments,” IEEE Transac-
tions on Control Systems Technology, vol. 27, mno. 4,
pp. 1684-1693, 2019.

[3] P. Glotfelter, J. Cortes, and M. Egerstedt, “Nonsmooth barrier
functions with applications to multi-robot systems,” IEEE
Control Systems Letters, vol. 1, no. 2, pp. 310-315, 2017.

[4] L. He, P. Bai, X. Liang, J. Zhang, and W. Wang, “Feedback
formation control of UAV swarm with multiple implicit
leaders,” Aerospace Science and Technology, vol. 72, pp. 327-
334, 2018.

[5] X.Zhangand H. Duan, “Altitude consensus based 3D flocking
control for fixed-wing unmanned aerial vehicle swarm tra-
jectory tracking,” Proceedings of the Institution of Mechanical
Engineers, Part G: Journal of Aerospace Engineering, vol. 230,
no. 14, pp. 2628-2638, 2016.

[6] J. S. Dominguez, A. J. Cerqueira Junior, D. S. Dominguez

et al., “Using a multi-agent system for monitoring indicators

of quality of service in power distribution networks,” IEEE

Latin America Transactions, vol. 13, no. 4, pp. 1048-1054,

2015.

X. Aj, S. Song, and K. You, “Second-order consensus of multi-

agent systems under limited interaction ranges,” Automatica,

vol. 68, pp. 329-333, 2016.

[8] X. Deng, X. Sun, R. Liu, and S. Liu, “Consensus control of
leader-following nonlinear multi-agent systems with dis-
tributed adaptive iterative learning control,” International

[7



10

Journal of Systems Science, vol. 49, no. 16, pp. 3247-3260,

2018.

X. Deng, X. Sun, S. Liu et al., “Consensus learning control for

leader-following nonlinear multiagent systems with control

delay,” Wireless Communications and Mobile Computing,

vol. 2019, Article ID 9858504, 13 pages, 2019.

X. Deng, X. Sun, and S. Liu, “Iterative learning control for

leader-following consensus of nonlinear multi-agent systems

with packet dropout,” International Journal of Control, Au-

tomation and Systems, vol. 17, no. 8, pp. 2135-2144, 2019.

[11] H. Li and H. Su, “Second-order consensus in multi-agent
systems with directed topologies and communication con-
straints,” Neurocomputing, vol. 173, pp. 942-952, 2016.

[12] Y. Liu and Y. Jia, “Event-triggered consensus control for
uncertain multi-agent systems with external disturbance,”
International Journal of Systems Science, vol. 50, no. 1,
pp. 130-140, 2019.

[13] X.Li, X. Luo, J. Wang, and X. Guan, “Finite-time consensus of
nonlinear multi-agent system with prescribed performance,”
Nonlinear Dynamics, vol. 91, no. 4, pp. 2397-2409, 2018.

[14] T. Chen, D. Zhang, and X. Shao, “Control parameters design

of spacecraft formation flying via modified biogeography-

based optimization,” Aerospace Systems, vol. 3, no. 1, pp. 1-8,

2020.

G. Sun, R. Zhou, K. Xu et al., “Cooperative formation control

of multiple aerial vehicles based on guidance route in a

complex task environment,” Chinese Journal of Aeronautics,

vol. 33, no. 2, pp. 701-720, 2020.

[16] H. Liu, T. Ma, F. L. Lewis, and Y. Wan, “Robust formation

control for multiple quadrotors with nonlinearities and dis-

turbances,” IEEE Transactions on Cybernetics, vol. 50, no. 4,

pp. 1362-1371, 2020.

Z. Yang, S. Zhu, C. Chen, G. Feng, and X. Guan, “Leader-

Follower formation control of nonholonomic mobile robots

with bearing-only measurements,” Journal of the Franklin

Institute, vol. 357, no. 3, pp. 1628-1643, 2020.

[18] A. Wasik, P. Lima, and A. Martinoli, “A robust localization
system for multi-robot formations based on an extension of a
Gaussianmixture probability hypothesis density filter,” Au-
tonomous Robots, vol. 44, no. 3-4, pp. 395-414, 2020.

[19] H. Du, G. Wen, Y. Cheng, Y. He, and R. Jia, “Distributed

finite-time cooperative control of multiple high-order non-

holonomic mobile robots,” IEEE Transactions on Neural

Networks and Learning Systems, vol. 28, no. 12, pp. 2998-

3006, 2017.

C.-B. Yu, Y.-Q. Wang, and J.-L. Shao, “Optimization of

formation for multi-agent systems based on LQR,” Frontiers

of Information Technology & Electronic Engineering, vol. 17,

no. 2, pp. 96-109, 2016.

[21] W. Zhao, W. Yu, and H. Zhang, “Observer-based formation
tracking control for leader-follower multi-agent systems,” IET
Control Theory & Applications, vol. 13, no. 2, pp. 239-247,
2019.

[22] H. Chu, Y. Cai,and W. Zhang, “Consensus tracking for multi-
agent systems with directed graph via distributed adaptive
protocol,” Neurocomputing, vol. 166, pp. 8-13, 2015.

[23] Y. Xia, X. Na, Z. Sun, and J. Chen, “Formation control and
collision avoidance for multi-agent systems based on position
estimation,” ISA Transactions, vol. 61, pp. 287-296, 2016.

[24] D. Meng and Y. Jia, “Formation control for multi-agent
systems through an iterative learning design approach,” In-
ternational Journal of Robust and Nonlinear Control, vol. 24,
no. 2, pp. 340-361, 2014.

[9

(10

(15

[17

[20

Mathematical Problems in Engineering

[25] J. Wang and M. Xin, “Optimal consensus algorithm integrated
with obstacle avoidance,” International Journal of Systems
Science, vol. 44, no. 1, pp. 166-177, 2013.

[26] Y. Chen and J. Sun, “Distributed optimal control for multi-
agent systems with obstacle avoidance,” Neurocomputing,
vol. 173, pp. 2014-2021, 2016.

[27] J. Alonso-Mora, T. Naegeli, R. Siegwart, and P. Beardsley,
“Collision avoidance for aerial vehicles in multi-agent sce-
narios,” Autonomous Robots, vol. 39, no. 1, pp. 101-121, 2015.



