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Abstract. In this paper, we study the formation control pewsbl of the second-order
multi-agent system, the so-called formation conpobblem is solved by designing
decentralized control rate. All the agents are #&mnby autonomous movement to
achieve a given formation. Considering that thetirmglent consumes in communication.
In this paper, an event-driven control law protosoproposed to reduce the number of
multi-agent sampling times in the same time, amdsthfficient conditions for the given
formation to be satisfied in the range of the madient system are given. Finally, the
correctness and validity of the event-driven cdnpnmtocol are verified by numerical
simulation experiments.
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1. Introduction

With the extensive application of multi-agent inesce and engineering, the research of
multi-agent algorithm has aroused extensive rebeaterests of scholars. The problem
on formation control problems is how to make mafient regulate their own behavior,
so as to form the desired shape or reach the ddsirget point. Formation control is an
important research direction of multi-agent cooatiion control system. It is used
extensively in nature, such as ant formed colomgnétion to carry food, wolves formed
a certain formation to hunt prey, migratory birdad so on. In real life, there are many
applications, such as UAV formation [1], environrt@nmonitoring and transportation
[2,3], rescue and investigation [4]. Multi-agentrrhation control can replace human
beings to accomplish complex and dangerous tasésauge of its extensive practical
application, multi-agent and multi-robot systemnfation has obtained a lot of research
results. At present, the formation control methad be divided into the following two
categories: leader follower method [5,6], structo@sed on virtual behavior method[7,8].
Wang et al. [9] proposed a UAV hierarchical constohtegy to form a constant formation
in obstacle avoidance conditions. Gu et al. [10pmdthe leader-follower method
researching UAV frame system is studied UAV syssemi the two fixed wing UAV flight
experiments are carried out to verify the validifythe methodBayezit and Fidan [11]
proposed the formation control of UAVs based otualr structure in three-dimensional
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space, and they validated the effectiveness of dbetrol protocol by numerical
experiments. Although the leader follower, the uaitstructure and the behavior based
approach can solve the formation control problerthefUAV framework system. Beard
et al. [12] point out that these methods are dmwed. For example, the leader follower
method achieves the given position according to distributed control but lack of
robustness and the availability of neighborhoodrimiation of the leader. Behavior based
formation method is not suitable for distributedplementation because it requires a
great deal of communication and computation. Wahgle[13] study the formation
control of a two order multi-agent system with ader under directed graphs, and they
give the sufficient conditions for the formation thie invariant formation of the muilti-
agent. Chen et al. [14tudy the UAV system under switching topology. Aapynov
function is constructed according to the algebRiccati equation. And they give the
necessary and sufficient conditions for the fororatf time varying formation and prove
the validity of the theory through experiments.

The research on the formation problem is considereder the continuous time.
However, in practical applications, as individuate limited by resources, energy, and so
on, it is necessary to reduce the individual eneansumption as much as possible. With
the development of computer communication technokmgd the rapid development of
digital sensor, microprocessor and other industiéahnology, to design distributed
control algorithm and to achieve the desired effeceach agent become more practical.
The agent has quiet difficult in obtaining globafarmation. Hence, there is a need to
communicate with each other to require more igetice to save energy consumption.
Therefore, event-driven control can achieve thevab@quirements. When a control
exceeds a given threshold, the system updateottiebier. This control method reduces
the number of updates of the controller, savesréswurce and reduces the energy
consumption of the intelligent controller by recugithe number of updates. At present,
the event-driven control mechanism has attractedattention of a large number of
scholars and has gained a lot of research resdighoth et al. use independently the
event-driven function of the state to determinedbeesponding event driven time series,
and study the average consistency of first anddwier multi-agent systems. Zhu et al.
[15] research consistency of the general linearehofl event-driven control with input
delay based on the design of the new control pobteend they define a new error
function and driving function and ensure that th&tem does not exist the Zeno-behavior.
Guzey [16] drives itself to a pre-set desired stai@ a distributed controller by
communicating location and speed information atethent based sampling time with the
neighbors.

This paper studies the multi-agent system undeetleat-driven control. The paper
is organized as follows. In section 2, we give friview of mathematical preliminaries.
In section 3, we study the multi-agent system urderevent-driven control. Section 4
gives sufficient conditions of reaching a givenipos within a certain range of error
using the relative position and velocity betweejaeght agent and theoretically excludes
Zeno-behavior. In section 5, the correctness aridlityaof the event-driven control
protocol are verified by numerical simulation eXp@nts. Section 6 contains
conclusions.
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2. Mathematical preliminaries
Suppose thag = (v,F, A) is a graph containing N nodéAlherev={v, v,---v} is set of
nodes. For the graphk, represents thé agent Define the neighbor set df as
N, ={jOv:(j.i)0¢}, That is to sayy, can receive the information of and
a; >0.|n,|represents the number of adjacent points;ofSuppose there are no
rings or parallel edges in the graph. namely, when,a; =0.F Ovxv
represents an edge set of multi-ageat= [aij]NxN is an adjacency matrix.

D =diag{d,d,---d,} is degree matrix whose diagonal elements are etbfiny
d => a,,L The Laplacian of the weighted digraph G is defined =D-A. It is

JON;
well-known thatL has exactly one zero eigenvalue and all the otigenealues
have positive real parts if and only if the digraphas a directed spanning tree.
In this paper, without loss of generality, we assutmt nodd is the root of the
directed spanning tree.

3. Model description
In this paper, two order multi-agent systems anesictered, and the dynamics
equations of each agent are expressed as follows

X =y
\'/i :ui (31]
where x(t),v ),y ¢) respectively denote locations, the speed, theraoirtput of

multiple agents.
In this article, our control objection is to allosach agent to reach a given

position and speej@ a givenrange of errors. Namely —Rq ~A~ V—p, »A. In
order to save resources, the event- based sanmgaimtgol is introduced. Assume
that the agent only sample in the driving momeptt,,t,---t. ---by the neighbors

and state information of each agent in the stateer@fore, the following
distributed sampling control is designed for eachtiragent

u(t)=- Ja(x(t)Y-p., —(x(t) - p.
() =23, [a04(6) = Py = (% () = Pye) 62
+ B (t) v, )]
wherep, is the target position of agenffor each agent, we define the driving

time series ag,, =inf(t>t: f(t e(9, 6,(9) >0}
where the driving function is

f(t.g (.6 O)=Va@+p)le [+/Ba+p)le,

_| Py |_e-ﬂ(t—to)

(3.3)
where
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& (1) =% (6) = (1) &, (t) =vi (t) ~v (t) . Ot Ot tiey) -
The control strategy (2) can be rewritten as
4 (t) == a[a(e () +x (0 - py ~(€,(0 +X,1) = p,,)

+ B8, (0)+v, ()= (8, () +v, ()] (3.4)
suppose
&) =x(t) - pyq
7 (t) =V (t)- Piv (35)
For (3.5) derivation, we substitute it into (3.4} obtain
&) =n )+ p,
(1) = =3 ayla(e (D) —e, (1) +&(1) - (1)
=1

+ B(e, (1) =€, (0 +7,0) -7, ()] (3.6)
Then, using the Kronecker product representati8rg) (can be rewritten in the
compact form

Et)=nt)+p,
n(t) =-aLl(e(t) +e(t) - BL#(L) +&,(1)) (3.7)
where

£(t) =[&(D), £,(0) - (O] 7O =10 7,07y OT P, = [ P1ys Poy - Pud
let z(t) = (&' (t),n" (t))", we can get

| Oy o}
2 {—at - }(t){ﬂ@(t)—&ev(t)}
Furthermore, we can get
z(t) =" z(t,) +.[tt " Qdr

where
W Q:{ P, }
{-HL -,BL} -ale,(t) - BLe,(t)

4. Consensusin agiven range of errors
Lemmad.lifa, 3 >0, then exiskk>C, [|€"¢® [kke™™ is available.

X'X+y'y

Lemma 4.2. For any vectorx'y < is founded.

Theorem 4.1. Consider the multi-agent systems (3.1) with thatd strategy
(3.2) and the triggering time instants determinad (8.3).for anya,8 >0,

k, > p,Multiple intelligences form target formations withthe range of erroa
where

m+1 .
a={" D p, 1R =(p,, PPl

2
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Proof: ||z() 1k ke ™™ |z ¢ ) Ifrk,[ e 0 pir
According to the definition o@), we can get
Q'Q=p]p, +a’eL'Le +ape]L Le,
+apelL'Le + B% L Le,.
Setm is spectral radius of matrix' L .

' "Le +€'L'L
IQIk (! p,+a’eL'Le, +aB exzev &

T T T
+aﬁeXL Lex;evl- La/ +ﬁZQ'II'LTLqI)1/2

According to lemma 1, we can obtain

IQyma@+B) g HmMB&+5 )Rk # W,
Therefore, we get

”Z(t) |F_ kle‘kz(t‘to) ”Z () ) H_klj't: e—kz(t—to) w’ﬁ]_'_ 1) m)v

+/mNe ) dr
The result is available by calculation

120 ke M genen gKIMN o g
K, k-0
Taking limits fort - c, we get
lz¢) - A

Namely, Multiple intelligences form target formatswithin the range of errak

In the event driven control, in addition ttee controller design, the most
important thing is to exclude the Zeno phenomeribat is, to determine the
interval between the events of the two eventsgtliei positive lower bound. If
the Zeno phenomenon cannot be ruled out, the aayesiof event-driven control
in saving resources and reducing computer burdemotibe shown. That means
that the designed event driven control failed.

Theorem 4.2. Under the control strategy (3.2), the trigger szme is determined
by the driving function (3.3), the closed-loop €yst does not exhibit Zeno-
behavior. Namely

t,, —t =In(1+

0
+r)

Proof. Because our aim is to exclude Zeno-beha\flfbﬁm'%»so 000G b)
Jaa+B g, |+/Ba+B) g, £R, fe? ™

1 it
e, |+ |6, E———(IR, ke”"™)
WS @A)
whereg ={a, 8}  and a sufficient condition is given
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l& Okl O+ M €)

1 ,
5 (t R ¥y
le ) KEle, ¢)] 9@B) (b 3 ¥ 1)

By solving the above differential equation, we gat

1 ’ i
t — — (lp. [+ 1 1 () — 1
le, M)k ¢ g(a+ﬁ)(|p'“| VoGO DE
Similarly, we can obtain:

|Qv ®) Eéew ¢)®+ZO’0)§ (tL )~ Ra~ (Xj (tli ) Pia )0"780)? ([L > Ba~ (Xj (ﬂi )>- Pia »

JON
g, (t) E m(el™ -1)
where

m=>"d x(t)~ R ~(4¢)) = P)l+ A X €) - % )]

N
tlj. represents the latest update time of neighfor
N 1
- Jula +B)
=le, () |+ |e, C)].
is greater than zero, we can get
| piv| A J2]

Jy@+8)

NS (0 +r)E -1)

7y (I pyy | +e720707)

—P(t—to)
Because® " °

7, = min

Similarly, we have

In summary, we get

C o
t,, -t =Inl+—
k+1 k ( ,7+r)

Hence, Zeno-behavior can be excluded. Then, we tjgvet, >In(1+

[
).
+r
5. Numerical results
In this section, a numerical example is given tlustrate the feasibility and

effectiveness of our theoretical results. We asstnakthere are ten agents in the multi-
agent system. Give the target position of 10 agents

p,(t) =r Osin(wlt+ 20pi /5),wlcoswlt+ ZIpi /5)
coswOt + 20pi /5)~wOsinwt+ Zlpi /5)]

wherer =5,w = 0.5 represent radius and speed respectively.
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2 -1 0 0 0 O O 0 0 -1
-1 2 -1 0 0 O O O O O
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0O 0 0 0 0 -1 2 -1 0 0
0 0 0 0 0 O -1 2 -1 0
o 0 0 0 0 0O 0 -1 2 -1
/o 0o 0 0 0 O 0 0 -1 2

Within the bounds of Theorem 4.1, take=0.8,4 = 0.Emultiple agents can
achieve consistency within a certain range of errdfigure 1 shows the
trajectories of a multi-agent in a given time, figsl two and three represent the
control inputs of a multi-agent, Figure four shothe relation between the error
and the threshold in the driving function.

6. Conclusion

In this paper, the two order formation problem diltiragent system and the
event driven control mechanism are discussed. WWeige the effectiveness of
the proposed control strategy by theoretical dedncind simulation examples.
We can see from the simulation of Fig. 4 event-basmtrol has great influence
on updates of number and energy, therefore, hayestmn the driving conditions
or changing driving conditions is a direction wagrtbf study. In addition, this

paper finally achieves the consistency within daserange of error, therefore the
next step is to change the driving conditions s they can achieve complete
consensus.

Figure 1. Move trajectory Figure 2: Distributed control

25



10.

11.

12.

13.

Yu-lai Zheng

e (f) threshold(t)

1

0.9

0.8

0.7

0.6

0.5

ety
threshold(t)

15
Us

Figure 4. Error and threshold

20 25 30

20

Figure 3: Velocity states

30 a0 50 60

REFERENCES

X.Wang, V.Yadav and S.N.Balakrishnan, CooperativVUormation flying with
obstacle collision avoidance;EE Transactions on Control Systems Technology, 15
(2007) 672-679.

A.Dhariwal, G.Sukhatme and A.A.G.Requicha, Bacterinspired robots for
environmental monitoring,|IEEE International Conference on Robotics and
Automation, 2 (2004) 1436 - 1443.

N.Nigam, S.Bieniawski, |.Kroo et al., Control of ftiple UAVs for persistent
surveillance: Algorithm and flight test resulkEEE Transactions on Control Systems
Technology, 20 (2012) 1236-1251.

T.Kopfstedt, M.Mukai, M.Fujita et al.,, Control oforfmations of UAVs for
surveillance and reconnaissance missions, IFACeedings, Vol. 41 (2008) 5161-
5166.

B.M.Chen, Y.L.Kai and H.L.Tong, Design and implertaion of a leader-follower
cooperative control system for unmanned helicoptéZentrol Theory and
Technology, 8 (2010) 61-68.

K.Seungkeun and K.Youdan, Optimum design of thiesedsional behavioural
decentra-Lized controller for UAV formation flighEngineering Optimization, 41
(2009) 199-224.

M.Bayezit and B.Fidan, Distributed cohesive motioantrol of flight vehicle
formations,| EEE Transactions on Industrial Electronics, 60 (2013) 5763-5772.
W.zZhu, H.Li and Z.Jiang, Consensus of multi-ageydteams with time-varying
topology: An event-based dynamic feedback schémnternational Journal of Robust
and Nonlinear Control, 2016.

Y.Cao, W.Yu, W.Ren et al., An overview of recenogmess in the study of
distributed multi-agent coordinatiolGEE Transactions on Industrial Informatics, 9
(2012) 427-438.

C.Wang, G.Xie, M.Cao et al., Circle formation faromymous mobile robots with
order preservation, 22 (2012) 1433-1438.

W.Zhu, Z.P.Jiang and G.Feng, Event-based conserfsmmilti-agent systems with
general linear modelgutomatica, 50 (2014) 552-558.

Y.Pan, S.Cao and L.Li, Constaints on interacting @mergy from time delay lenses,
International Journal of Modern Physics D, 25 (2016) 1-8.

C.Wang, G.Xie, M.Cao et al., Circle formation faromymous mobile robots with

26



14.

15.

16.

A Fixed-Formation Control Based on Event-Driveraflti-Agent System

order preservation, 22 (2012) 1433-1438.

H.Chen, K.Chang and C.S.Agate, UAV path planninthwangent-plus-lyapunov
vector field guidance and obstacle avoidan&EE Transactions on Aerospace
Electronic Systems, 49 (2013) 840-856.

W.zZhu and Z.P.Jiang, Event-based leader-followirgnsensus of multi-agent
systems with input time delalfzEE Transactions on Automatic Control, 60 (2015)
1362-1367.

H.M.Guzey, N.Vignesh and S.Jagannathan et al.riDiged consensus-based event-
triggered approximate control of nonholonomic mehibbot formationsAmerican
Control Conference, 3 (2017) 3194-3199.

27



