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This paper investigates the cooperative formation problem via impulsive control for a class of networked Euler—
Lagrange systems. To reduce the energy consumption and communication frequency, the impulsive control method and
cooperative formation control approach are combined. With the consideration of system uncertainties and communica-
tion delays among agents, neural networks-based adaptive technique is used for the controller design. Firstly, under the
constraint that each agent interacts with its neighbors only at some sampling moments, an adaptive neural-networks impul-
sive formation control algorithm is proposed for the networked uncertain Euler-Lagrange systems without communication
delays. Using Lyapunov stability theory and Laplacian potential function in the graph theory, we conclude that the forma-
tion can be achieved by properly choosing the constant control gains. Further, when considering communication delays,
a modified impulsive formation control algorithm is proposed, in which the extended Halanay differential inequality is
used to analyze the stability of the impulsive delayed dynamical systems. Finally, numerical examples and performance
comparisons with continuous algorithm are provided to illustrate the effectiveness of the proposed methods.
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1. Introduction

With the development of the research community of
system control, cooperative control of multi-agent systems
(MAS) has gained increasing attention for the advantages of
completing more complex assignments and increasing system
reliabilities.!!! With these advantages, cooperative control of
MAS has been used in many fields, such as the consensus of
wireless networks,?! synchronization of robots,*! and forma-
tion of spacecrafts.*! Thus, the cooperative control of MAS is
a significant research issue.

One of the basic research problems in cooperative control
of MAS is the distributed consensus problem, in which the dis-
tributed consensus control law is designed for each agent such
that all the agents converge to a common state.>! To solve the
distributed consensus problem, an average-consensus control
algorithm was investigated in Ref. [6] for the first-order linear
systems under a connected undirected graph. The authors in
Ref. [7] extended the results in Ref. [6] to the double integrator
systems under a directed graph with a directed spanning tree.

Different from the distributed consensus control for
the networked linear systems,>~7! Liu et al.l®! designed a
distributed consensus algorithm for the networked Euler—
Lagrange systems with parametric uncertainties under a
jointly connected undirected graph. The Euler—Lagrange sys-
tem is a special second-order nonlinear system, which can be
used to represent a large class of practical mechanical systems,
such as underwater vehicles, robots, and satellites.®! The dis-
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tributed adaptive coordination for multiple Euler—Lagrange
systems under a directed graph was developed in Refs. [10]
and [11]. In Ref. [12], the synchronization problem of net-
worked uncertain Euler-Lagrange systems on directed com-
munication topologies was investigated.

For the distributed control problem of networked systems,
model uncertainties, stochastic disturbances, and communica-
tion constraints are mainly considered. Unknown parameters
were considered for the distributed consensus control for net-
worked Euler—Lagrange systems in Ref. [13]. To handle the
uncertainties, the authors in Ref. [14] designed a distributed
consensus algorithm for the first-order systems with unknown
bounded disturbances under an undirected graph. Due to the
long distance between agents and the time for data-processing
in each agent, communication delays always exist in prac-
tice. Considering the input and communication delays, Tian
et al.!"! designed the decentralized consensus algorithms for
the linear systems under undirected and directed graphs, in
which the condition of system consensus is dependent on in-
put delays but independent of communication delays. The dis-
tributed consensus problem under the undirected graph with
communication delays was investigated in Ref. [16] for the
networked linear systems.

Summarizing the above results, we can conclude that
the consensus control algorithms proposed in Refs. [S]-[10],
[12]-[16] are all continuous, which means that the energy for
the control system should be provided all the time. However,
the energy carried in each system is usually limited.!!”-'3] Be-
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sides, in the studies of Refs. [5]-[10], [12]-[16], the infor-
mation interaction among agents is always required, which in-
creases the energy consumption and communication burden.
To lower the energy consumption and communication
burden in the distributed control of MAS, some researchers
proposed the impulsive control for the distributed control
problem. In Ref. [19], an impulsive consensus control algo-
rithm was proposed for the networked first-order linear MAS
under a directed graph. The authors in Ref. [20] extended
the results in Ref. [19] to the networked second-order lin-
ear MAS. In Ref. [21], the heterogeneous communication
delays among agents were further considered for the dis-
tributed consensus problem for the networked second-order
linear MAS via impulsive control method. However, in the

(19211 the system model is linear. Tang et

above references,
al.'??) researched the leader-following impulsive consensus
control problem for the networked nonlinear MAS with com-
In Ref. [23], the distributed impulsive

consensus control algorithm was designed for the networked

munication delays.

Euler-Lagrange systems. The authors in Ref. [24] extended
the results in Ref. [23] to the case with probabilistic commu-
nication delays. However, the model parameters of the Euler—
Lagrange systems need to be known for the distributed con-
sensus controller designed in Refs. [23] and [24].

The consensus theory in multi-agent systems can be used
as a powerful tool to solve the cooperative formation problem
where the cooperative formation control algorithm for each
agent is designed such that all agents keep relative distance or
attitude. Based on the overview of the above references,[!22]
this paper studies the cooperative impulsive formation control
problem for the networked Euler—Lagrange systems under a
directed graph. The networked Euler-Lagrange systems are
subjected to uncertain dynamics, external disturbances, and
communication delays. Moreover, the information interac-
tions of each agent with its neighbors are only at some discrete
moments. The proposed cooperative formation algorithms are
independent of the system model.

Compared with the previous results on cooperative con-

5-10,12-16

tinuous consensus control| I and distributed impulsive

(19-24] this study mainly has three advan-

consensus control,
tages.

(i) The cooperative impulsive formation control is investi-
gated for the networked MAS. In comparison to the distributed
continuous consensus control algorithm,P~10-12.13,15.16,16] the
energy consumption and the communication burden are re-
duced.

(i1) Each agent is modeled by nonlinear Euler—Lagrange
equation, which can be used to represent a large class of

practical mechanical systems.
5,6,14,15]

In comparison to the linear
systems, | it is more challenging to design a cooperative

formation control algorithm for a nonlinear Euler-Lagrange

system. Furthermore, the uncertain dynamics and external dis-
turbances are considered. Compared with Refs. [23] and [24],
the proposed cooperative formation algorithms are indepen-
dent on the system model.

(>iii) The information interactions are more constrained.
The communication delays between agents are considered,
while in Refs. [5]-[10] and [12]-[14], the proposed algorithm
cannot handle the case with communication delays. The in-
formation interactions among each agent and its neighbors are
only at some sampling moments, while in Refs. [20]-[23], the
information interactions of each agent with its neighbors are
continuously required.

Notation 1 The subscripts “7T”” and “—1” stand for ma-
trix transposition and inverse, respectively. R” denotes the
The notation P > 0 (P >
0) means that P is symmetric and positive- (semi-positive)-

n-dimensional Euclidean space.

definite. diag{---} stands for a block-diagonal matrix. ||-|| is
used to refer to the Euclidean vector norm. ||-||, stands for the
usual /5[0,00) norm, and ||-||, represents the l;-induced norm.
® represents the Knonecker product. A; stands for the i-th
eigenvalue of a square matrix. I, represents the n X n identity
matrix. N is the set of positive integer numbers. Given a posi-
tive constant 7, let PC([—7,0],R") ={¢ : [-7,0] = R"}, ¢(¢)
is continuous everywhere except a finite number of points 7 at
which @(7") and @(f, ) exist and @(7,") = @(f).

2. Problem formulation and preliminaries

In this section, the Euler-Lagrange system, the graph the-
ory and the problem description are introduced.

2.1. Euler-Lagrange system

The dynamic system of each agent in this study is mod-
eled by the following nonlinear second-order Euler—Lagrange
equation

M;(qi)gi +Ci(qi,4i)gi + gi(qi) = T + o, ()

where i denotes the index of the agents, g; € R” is the vec-
tor of generalized coordinates with p degrees of freedom.
M;(g;i) € RP*P is the symmetric positive-definite inertia ma-
trix. C;(gi,q;) € RP*P is the vector of Coriolis and centrifugal
matrix. g;(¢;) € R? denotes the vector of gravitational forces.
T; € R? is the vector of the generalized control forces. @; € R?
represents the external disturbance. For the existence of uncer-
tain dynamics in practice, M;(q;), Ci(qi,qi), and g;(g;) are all
considered as unknown for the controller design in this study.
For simplicity, M;(q;), Ci(gi,4:), and g;(g;) are denoted as M;,
Ci, and g; in the following statements.

Many mechanical systems can be modeled by the Euler—
Lagrange equation and the following common properties are
satisfied in this study:
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Property 1 M; —2C; is skew symmetric, i.e., xT (M; —
2C;)x =0, for all x € R,

Property 2 For any i, there exist positive constants
and kz;, such that 0 < kyil, < M; < kil

Property 3 The external disturbance ®; is bounded by
|lo;]| < @y, where @yy; is a positive constant.

2.2. Graph theory

A directed graph G = (V, €,A) is used to describe the in-
formation interaction among agents. V = {vy,...,v,} is the
set of nodes and n represents the number of nodes. e CV xV
represents the set of edges, in which (v;,v;) € € represents that
agent j can receive the information from agent i. A = [q;;] €
R™" is the weighted adjacency matrix of the directed graph
G, where g;; # 0 if and only if (v;,v;) € €, and g;; = 0 if
(vj,vi) ¢ € or i = j. A directed path from node v;; to v is
a sequence of ordered edges vji, ..., Vi, ..., Vi, which satisfies
(Vis,Vis+1) € €. A graph is said to be strongly connected if for
any node v; and v;, there exists at least one directed path from
v;i to v;. The Laplacian matrix L of the directed graph G is
defined as L = D — A, where D = diag(d,,...,d,) is a diago-
nal matrix and d; = Z’j’-zl a;j. The following Lemma 1 shows
a useful property between the Laplacian matrix and strongly
connected graph.

Definition 1! Suppose a directed graph G is strongly
connected. Let p = [p1,...,ps|" be the left-eigenvector of its
Laplacian matrix L associated with eigenvalue A; = 0. The
generalized graph Laplacian potential is defined as

n
VL= Z piaij(x; —x)% )
ij=1
where x; is the system state variable.

Lemma 1°°! Suppose the directed graph G is strongly
connected with the Laplacian matrix L. Let P = diag{p;} €
R™" and

Q=PL+L"P, 3)

where p; is defined as in Definition 1. Then the following
identity holds

n
T
VL= Z Piaij(xj—xi)2 =x QOx. “4)
i=1

Moreover, P >0 and Q > 0.

2.3. Problem description

The networked MAS are composed of N agents (denoted
as I = {1,...,N}), which are modeled by EL equations (1).
The information interaction among N agents is a directed
graph G4 with the Laplacian matrix L. The control objective
of this study is to design a cooperative impulsive control al-
gorithm for each agent such that all agents reach a formation.

The formation is said to be achieved if the following condition
holds

limy e (gi(t) — q,(t) — 8,;) =0, Vi,j€l, (5)

where §;; is the desired relative distance or attitude between
If the directed graph
among all agents is strongly connected, J;; can be decom-

agent i and j in formation problem.

posed as &;; = § — §;. Then, the following Lemma in multi-
agent systems is given to build a relationship among the graph,
Laplacian potential and system formation.

Lemma 2!

Let the directed graph be strongly con-
nected and its Laplacian potential V; be defined by Eq. (2).

Then Vi, = 0if and only if x; = x;, Vi, j=1,...,N.

3. Main results

In this section, the cooperative impulsive formation con-
trol algorithms for the networked Euler-Lagrange systems
without and with communication delays are investigated re-
spectively. The neural-networks approximation and adaptive
technique are used to handle the system uncertain dynamics
and external disturbances. The Lyapunov stability theory and
Laplacian potential function in graph theory are used to prove
the convergence of the system formation.

3.1. Cooperative impulsive formation control without
communication delays

In this subsection, a cooperative impulsive formation con-
trol algorithm is designed for the networked Euler—Lagrange
systems without communication delays. Firstly, the directed
information interaction graph G4 satisfies the following as-
sumption.

Assumption 1 The directed graph G4 that characterizes
the information interaction among N agents is strongly con-
nected.

First, the auxiliary variables are designed

4ri = —p(gqi+6i), (6)

i =qi —qri = q4i+ p(qi+6), (7

where p is a positive constant. Applying Eq. (7) into Eq. (1),
we can obtain

Misi+Cisi = fi(q;,i) + T+ @i, (8)

1i(4;:6:) = —MiGri — Cigri — & ©)

where fi(q;,¢i) is the uncertain nonlinear dynamics. The

neural-networks are used to approximate for the uncertain dy-
namics in the following form

fila;ai) =W 6,(q;,6i) + €, (10)

where W; is the ideal constant approximation weight matrix,
0;(-) is the suitable basis set of functions, and & is the ap-
proximation error of neural-networks which is assumed to be
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bounded by ||&;|| < ey, where gy is a positive constant. How-
ever, the ideal constant weight matrix W; are usually unknown
for the controller design and the uncertain dynamics cannot be
approximated exactly by the neural-networks. Thus, the esti-
mate of fj(g;,4;) can be written as

filaidi) = Wi 6i(q;,d), (1
where W, is the estimate of W; and the adaptive law for W; will
be given later. In the following statements, 6;(g;,¢;) is simpli-
fied as 6.

Then, we propose the following cooperative impulsive
formation control algorithm

riz—vViTei—kisi—(oli+oz,)H ” +u;, (12
l
:—azzyu 8(t—1), (13)

W; = %6is7, (14)

where k;, 01;, 02, @, ¥; are positive constants, a;; is the (i, j)-
th entry of the adjacency matrix A of the directed graph Gy,
and 6(z) denotes the impulsive effects at the moment ¢ = #.
In this study, we assume that the time moments #; are strictly

increasing in the time interval [0,0), i.e.,

O=t <t < - <t < -limy oty =0

Then, the following theorem is given to solve the im-
pulsive formation control problem for the networked Euler—
Lagrange systems.

Theorem 1 The networked Euler-Lagrange systems with
uncertain dynamics and external disturbances will converge to
the desired formation with the cooperative impulsive control
algorithm [Eqgs. (12), (13), (14)] under the strongly connected
directed graph G4 if the following conditions hold

O1i > Wyi+ €mi > || 0 + &, (15)

t+7
silty +70) —si(ty — 1) =
—n

where 7 is sufficiently small. According to Refs. [16], [20],
[24], and [26], when T — 0T, we gain

Asi(t) = si(t}) —si(t, ) =M, laz%, ] (23)

To further analyze the stability of the proposed coopera-
tive impulsive formation control algorithm for the networked
Euler-Lagrange systems, the following four proof steps are
given. Steps 1 and 2 are given to prove the asymptotic con-
vergence of the networked systems when ¢ # f;. Step 3 is to
analyze the relationship of system variables when 7 = 7.~ and
r=t.
and conclude the global stability.

Step 4 is to synthesize the results when ¢ # #, and t = 1,

M;! {Cisi + W6, — kisi — (01i + 0a)

o > || W |c 6l (16)

(Br — Dk + 0 Amin(L+ L") — (0% / k) Amax (LYL) >0, (17)
In B,

S 18

> ” (18)

where W, = W; — i
matrix. fBj, W are positive constants and will be designed later.
M = diag[M,...,My]| and 0 < kpulnp, < M < kyly, where ky,
ks are positive constants.

||-||p denotes the Frobenius norm of the

X = min{2k1/k,;l1,2k2/k,,—12, - ,ZkN/kmN}.

L is the Laplacian matrix of the directed graph G4.
Proof Applying Eq. (12) into Eq. (8), we can obtain

WTQ' — k'Si — (0'1,'
+ui + ;. (19)

M;si+ Cis; Zfi(qpéh)_
+0-21)
s :||

Combining Eq. (10) and the definition of W;, we can ob-
tain
M;si+Cisi = W' 6; — kis; — (01 + 621) s ” +ui+ o +&.
l
(20)
When ¢ # 1, u; = 0, the closed-loop system (20) can be
written as
Mis;+Cisi = W 6; — kis; —

(Gli+62t) +w+¢&. (21)

Is ,||
When ¢ = 1, let limH,I:x(tk) = x(t, ) and limHt;rx(tk) =
x(t;"). We assume that all the variables are right continuous
att =1, i.e., x(fx) = x(z;"). In the impulsive control algo-
rithm (13), the Dirac function &(r —#;) depicts the impulsive
effects of sudden appearances of u; at the time moment ¢ = #.
Then, we have

s H+u,+a)l+el dr, (22)
l

Step 1 Prove the boundness of the variables s;, W; when
t #ty.

Lyapunov stability theory is used to analyze the system
stability. Consider the Lyapunov function candidate for the
i-th agent

1 s
Vig= 5 [y 'ee(WW;) + ] Misi] . (24)

For 7 € [ty,fr11),k > 0, the derivative of V}; can be written

as
Vi = Vﬁltr(WTW,') + I/ZS;FM,'S,' + siTMis',-. (25)

Applying Eqgs. (21) and (14) into Eq. (25), we can obtain
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. - . - si
Vi = —te (W Oys]) + 1/2s] Misi + 5] | —Ci(qi,i)si + W' 0 — kisi — (01 + 02i) —— + @i + &}

= —k,‘SiTSi — tr(WTGiS?) + S;-rVViTQ,' + 1/2SZ<T [Ml — 2Ci(q,~, ql)] Si— Sl-T (Gli + 62,')

As sTWT6; is a scalar, it follows that tr(W,6;s7) =
tr(s;W.'6;) = sTWT6,. By using the Property 1 in Euler—
Lagrange system, we have

V1,' = —kis?si — (G],‘ + (721') HS,H +S;r((0i + 8,')
< —kis{si— (01 + o) [|si| + [|si| o + &l . 27)
According to Eq. (15), it follows that
Vi < —kist si — o ||si]| <0. (28)

According to the Lyapunov stability theory, equa-

Isi
Si

+@+4. (26)
[Isill

Step 2 Prove the asymptotic convergence of the variable
s; when t # 1.
Consider the Lyapunov function candidate

1
Vﬁizzisfﬁﬁsb (29)

For t € [ty,tx+1), k > 0, the Dini derivative of V,; can be
written as
Vo = I/ZSZ-FM,‘S,' + SZ-TM,'S,'. (30)

Applying the closed-loop system (21) into Eq. (30), we

tions (24) and (28) imply that both s; and W, are bounded. can obtain
|
Vai = 1/25] Misi+ 5§ | —Ci(qi» Gi)si+ W, 6 — kisi — (01 + Gzi)H%H +oi+g|. €Y
According to the property of Frobenius norm, we can obtain
W6 < W[ lleil- (32)

Combining the conclusion in Step 1, Eq. (32) and Ref. [28], we can conclude that HWIT 9,~H F is bounded. Thus, we have

Voi = —kiSiTSi — (o1 +02:) ||| +SiT((Di + & +W,~T9i)
< —kis! si — (01i+ 02) |Isill + || i + &l Isill + || W || 116 sl - (33)

According to Egs. (15) and (16), we can obtain
Vo < —kistsi < —(2ki ki) Vai. (34)
Therefore, we can conclude that

Vailsi(1)] < Vailsi(;)] e " /km) =0 - e [ ), k> 0.

(33)
Define the general Lyapunov function V,
N
Va=Y Vi (36)
i=1

Then, we have

Vals(t)] < Vals(t)]e 2%, 1 € [, tr11), k>0,  (37)

where s = [sT,... sT]".

\
Step 3 Analyze the relationship of s; when ¢t =7, and

r=t.
To analyze the change of s; when ¢ = #, integrating two
sides of Eq. (23), one can obtain
As=s(t)—s(ty)=—aM "(LaL)s( ).  (38)
Then, we can obtain

s(th) = [Inp —aM ™ (L@ 1,)] s(t). (39)

Then, we have
1
P Msi(t]) = gsT(t,j)Ms(t,j). (40)

Applying Eq. (39) into Eq. (40), we obtain

Va(s(6)) = 55" (00 )y — oM (L 1) Mty — oM (L )]sl

= _%STO{) [(Bi—1)M+ a(L®l,)+a(l'®1I,) _az(LT®Ip)M71(L®Ip)] s(ty )+

where 0 < 81 < L.

Bi T

5T (6 )Ms(i;), (1)
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Since the information interaction topology among agents is a directed graph, L is not a symmetric matrix. But the compo-
nents of Eq. (41), a(L®1,) + a(LT®1,) and a* (LY ®1,)M ' (L®1,) are symmetric. Thus, we can obtain

Va(s(r)) < — % [(B1 = Dk + 0Ammin (L + L") = (0 /i) Amax (LTL)] 8™ (1 )s(2,) + %sT(rk‘)Ms(r;).

Combining Egs. (17) and (41), we can obtain
Va(s(t7)) < BiVa(s(e, ). 42)

Thus, equation (42) implies the abrupt change of the vari-
able s; whens =1 andt =1,".

Step 4 Prove the global formation of the networked
Euler-Lagrange systems when ¢ — oo,

Combining Egs. (34) and (42), we can obtain

Vals(1)] < B~ 'Vals(rg)]e XU, 43)

According to the average impulsive interval definition in
Ref. [29], we have

t—1y
Ny > —— — No, (44)
(2

where Ny denotes the number of the impulsive times of im-
pulsive sequence § = {r,t,...} in time interval (fo,7), V¥ is

the minimum average impulsive interval, and Ny is a positive
integer. Thus, we can obtain

N,
Va[s()] < By “Vals(rg )] e #U0)
< Vz[s(t&’)][}fNO e (InBi/v—2)(t—10) 45)

Using Eq. (18), we conclude that

lim V3 [s(t)] = 0. (46)

{—o0

To get the formation of the networked systems, we con-
sider the Laplacian potential function

N
V=Y piaijls;—si)’ =s"0s >0, (47)
ij=1
where p;, Q are defined in Definition 1.

Because the information interaction graph G4 among
agents is strongly connected, we can obtain Q > 0 by Lemma
1. Therefore, we have a relationship between the Laplacian
potential function Vi, and the Lyapunov function V5.

N
VL= Z Piélij(sj—si)2
ij=1

= 5705 < Anax (Q)5"5 < (2Amax (Q) /km)V2.  (48)
Combining Eqgs. (46), (47), and (48), we conclude that

limV;, =0. (49)

=300

According to Lemma 2, equation (49) implies

lim; o0 (s; —s7) = 0.

According to Eq. (7), we obtain
si—sj=4qi—q;+p(qi—q;— ).
Because §; ; 1s constant, we have
i —q;— 8ij = e ""(4i(0) — ¢;(0) — &;)
+e P /Ot eP¥(s;—s;)dr. (50)
Because p > 0, we can gain
lim; e (qi(0) — ¢;(0) — 8;) =0

and

efpt(s,-—sj)

!
lim,_me*p’/ eP(si —s5;)dT = lim;_e (eP" —1)
0

=0.
According to Eq. (50), we can conclude that
limy 0 (9 — ;= 6,;) =0,

which implies the formation of the networked Euler-Lagrange
systems is achieved. This completes the proof.

Remark 1 The Laplacian potential V, defined in Eq. (47)
is positive-semidefinite, but not positive-definite. Thus, The
Laplacian potential Vi is not a Lyapunov function, but a func-
tion for the analysis of the system formation.

Remark 2 In Eq. (12), except the impulsive component,
7; contains both the continuous control part and the adaptive
control part. According to the definition of impulsive system
and control in Ref. [27], we can call our proposed controller
the impulsive formation controller. Moreover, we will try to
design fully impulsive formation controller in our future work.

3.2. Cooperative impulsive formation control with com-
munication delays

In this subsection, the communication delays among
agents are considered in the networked Euler-Lagrange sys-
tems. Since the main procedures of this subsection are similar
with the former subsection, the differences are mainly stated
here.

To analyze the stability of the networked systems with
delays, the following Lemma is given firstly.

Lemma 3191 (Extended Halanay differential inequality)
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Suppose g > 0, and p(¢) satisfies the scalar impulsive dif- Theorem 2 The networked Euler—-Lagrange systems with
ferential inequality uncertain dynamics and external disturbances can achieve the
desired formation with the cooperative impulsive control al-

+ < >
Drp@) < pp@) +alu@®le, #1021, GO (12). (14), and (56) under the strongly connected di-

() < bep(ty )+ dilu (0], rected graph G4 with communication delays T if the condi-
0<bp_1+d_1e" <1,keEN, (52)  tions (15), (16), (68), (69) hold.
w(r)=o(t), t € to— 1,10, (53) Proof With the comparison of the two cooperative impul-

sive formation control algorithms (13) and (56), the difference
where D represents the distribution derivative, by = 1, dy =0,
. . _ + —
H(f ) is continuous at# # tx, t > to, U (tx) = p(f;") and p(z, ") ex- analysis in this subsection when ¢ # f; is the same with the
1sts, ¢ € PC([I() - T7t0]7R)’ [[J (t)]r* = Supf‘L'SK'<0 [l'L(t + K)] former subsection.
Assume that there exists a small enough number 11 > 0 such

is only in the impulsive control effects. Thus, the stability

When t = #, the closed-loop networked systems can be
that for all k € N, the following condition is satisfied

written as
9 _ _ nt B
<P+ bi_1 +di_1 eﬂf) (tx = ti1) < —In(b1 +dj—re ™). Asi(ty) = Si(t,j') fsi(tk )
(54) | N
Then there exists a constant 1 > 1 such that =M, |-« Z aij(si—sj(t=T))|. (57)
j=1
() <[loll ;e 1) 1 > 1, (55)

Integrating both sides of Eq. (57), we have

where (||, = sup_c<i<o [ (x)].

o4t -\ _ -1 - -
The cooperative impulsive formation control algorithm As=s(") —s(n) = —aM ™ (Lps(f, ) —Les(ty —T)), (58)

for the networked systems with communication delays is de-

where Lp=D®Iy, Lr=A®Iy. LL=Lp but LT # Lp.
signed as Egs. (12), (14), and D N> LF N Lp=Lp 7 LF

Then, we have

o N
Ui = —O‘k):] Z,laij(si —sj(t=T))8(t—1),  (56) s(t}) = (Inp — aM ' Lp)s(t; )+ aM ' Les(t; —T). (59
=1j=
where T represents the communication delays between agents. The Lyapunov function Vg(s(t,f )) can be written as
+ o1 L +
Va(s(tf)) =) 5% Misi= 3 s (t Ms(1)
i=1
1 T
=5 (- oM 'Lp)s(t;) +aM ' Les(ty —T)] M[(In, — aM ' Lp)s(t; ) +aM 'Les(ty —T)]
1 _ _ T _ _
=5 Tt ) (Ivp —aM ' Lp) M(Iy, —aM 'Lp)s(t;)
o o
+ 5570 Uy aM~'Lp) Les(ty —T) + 55" = D)L Iy — oM~ ' Lo)s(t; )
o>
+ 7sT(t,; —T)LEM ' Les(1; —T). (60)

According to the inequality XTY +YTX < eXTX +1/e¥Y Y, we obtain that there exists a constant € > 0 such that
a1, ~1 T _
ES (tk )(INp—aM LD) LFS(Z‘k —T)

(04 _ _ _ ae _ _ T _ _
+ =Tty = T)LE(Ivp — oM ' Lp)s(1;) < 7sT(tk )(Inp —aM ' Lp) (Ivy — aM ™ 'Lp)s(t;)

2
o
+ %ST(;,; ~T)LiLps(t; —T). ©h
|
Thus, equation (60) can be written as N /lm,ai(gM) léax(le—aM”LD), )
mn
Va(s(t)) < bVa(s(ty ) +dVa(s(t, ), 62 5
2(s(tg)) S bVa(s(ty ) +dVa(s(t))r (62) PR
22 F
where min(M)
a T
+— LeLp). 64
b= )’éax(lNﬂ_aM_lLD) g/lmin(M)lmaX( ¥ F) (64)

068703-7



Chin. Phys. B Vol

26, No. 6 (2017) 068703

Thus, we have

D™Va(s(t)) < —xVai(s(t)), t € [ti,trr1),k >0,
Va(s(t")) < bVa(s(t)) +dVals(ty )T, t =t
Let V(s(t)) = ¢(r) € PC([~T,0,R") = {¢ : [-T,0] —

R"}, ¢(¢) is continuous for any ¢ € [to — T, #o]. Using Lemma 3,
we can obtain if the following conditions hold

0<b+de" <1, (65)
(—2)(t—ti_1) < —In(b+de), (66)

then, we have
Va(s(r) < |l 0e 10 1> 1, (67)

where 9 > 1 and [[§]], = Sup_r ol ().
By simplifying, inequalities (65) and (66) can be further
written as
1-b
B

O<n§%ln (68)
1
N n(b—|—d).
X

By the similar proof procedures in Step 4 in Subsection 1

(69)

which is omitted here, we can conclude that the formation of
the networked Euler—Lagrange systems with communication
delays is achieved. This completes the proof.

Remark 3 For the proposed cooperative formation con-
trol law (12), there may exist singularity effect when s; is
small. Thus, one practical approach that can be used to avoid
the singularity is by replacing s;/|s;|| with s;/||s|| + &, where
& is a small positive constant.

Remark 4 In the impulsive formation system, the main
control factors have influences on the dynamical behaviors of
the system. In practice, we should balance our control param-
eters to meet the need of physical background and practical
applications. If the number of impulsive time is more, the im-
pulsive control effect and communication among agents will
increase. When the amplitude of the pulses are larger, impul-
sive effect will become the main system control effect and the
amplitude of the controller is larger. When the delay time be-
comes larger, the system convergent time becomes longer.

4. Illustrative example

In this section, a numerical simulation of satellite forma-
tion flying is presented to verify the effectiveness of the pro-
posed cooperative impulsive formation control algorithms.

Consider a group of eight satellites (I = {1,...,8}), the
equations of relative orbit motion in the local-vertical, local-

horizontal (LVLH) rotating frame can be described as[*!]

He (R() +x1) He Toix
R3 R2 m;’

1

— 2@0¥; — @) x; — oy +

.2 . 2 . Heyi — Toiy
Vi +2a0x; — @ yi + 0ox; + 13131 = m
. MeZi  Toiz
Zi+ R m’

1

where [x;,y;,z;] are the relative coordinate of the satellite i in
the LVLH frame, R is the orbit radius, m; is the mass of the
satellite, U, is the gravitation constant, @y = /UL /RS is the
orbit angular velocity, R; is the distance between the satellite
and the geocenter, [Ty, Toiy, Toiz] are the control forces. Note
that the above relative orbit motion equations can be trans-
formed into Euler-Lagrange equation m;§; + Ciq; + & = Tois
i=1,...,8by g = [xi,yi,2i] s Toi = [Toixs Toiy Toiz) s

0 —w O
Ci=2m; |y 0 O s

0 0 O

—wox; — @Y + e (Ro+x;) /R — 1o /RS
8i=m; —oy; + #eYi/R? + @ox;

Uezi/ R

This simulation’s examples assume that the relative or-
bit reference of the satellite formation system follows a near-
circular orbit with the initial orbit elements

laeiA® f]=[7136.0 0.00160° 10° 30° 0°],

where a is the semi-major axis (in unit km) of the reference
orbit, e is eccentricity, i is the inclination, A is the longitude
of the ascending node, @ is argument of periapsis, and f is
the true anomaly. For satellites i = {1,2,3}, m; = 35 kg and
i={4,5,6,7,8}, m; =40 kg.

The connected directed communication topology Gga
among eight satellites is described in Fig. 1.

PR
O~O-0-O

Fig. 1. The communication topology among satellites.

The Laplacian matrix of the directed graph G4 is

1 =10 0 0 0 0 O
12 0 0 0 -10 0
0-11 00 0 0 0

,_|00o-11 0000
100 0 1 0 0 0
00 0 0-12-10
0-10 0 0 0 2 —I
L0 0 -1-10 0 0 2
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The initial states of eight satellites are g1 (0) = [15,20,20]T m,
¢2(0) = [25,—-10,25]T m, ¢3(0) = [-20,-20,—5]T m,
q4(0) = [-5,10,30]" m, ¢5(0) = [0,—15,—15]" m,
q6(0) = [-25,15,-25]T m, ¢7(0) = [10,—5,—10]T m
g3(0) = [-10,0,—20]" m, ¢;(0) = 0 m/s, Vi = 1,...,8
8 = [150,50,150]" m, & = [150,150,150]" m, & =
[50,150,150]T m, & = [50,50,150]T m, &5 = [150,50,50]T m,
& =[50,150,50]T m, & = [50,50,50]T m.

The simulation parameters of neural-networks (NN) are
given as: the activation function of NN for i-th satellite used
in this simulation can be denoted as

0i(z) = [0i1(2),...,0i6(2)]",

where 6;;(z) is a Gaussian function

2
eij(z) = eXp (_HZ_C;’JH ) ) ]: 1""767

where z = [g;,¢;]" € R®. It is assumed that all the activa-
tion function of neural-networks is the same, c;; represents
the center of the receptive field which is evenly distributed in
(5,5} x [-0.5,0.5]°. 0;j = 2 is the width of Gaussian func-
tion. The initial weight matrix are all zeros, which denoted
W(O) = 06><3-

The control parameters are p = 0.01, o1; = 0.005, 0y, =
0.005, k=1, a=0.5,v=1,Vi=1,...,8. Communication
delays are set as T = 1 s. The impulsive intervals are 5 s,
ie., fry1 —tx =5 s, k > 0. Note that the above chosen control
parameters satisfy the conditions (15)—(18), (68) and (69).

The simulation results are shown below and the figures
are drawn in Figs. 2—-13.

150 -
100
E 50
Q

0
~50

150

100

50 — 50

—50 —50

Fig. 2. (color online) Trajectories of eight satellites in Case 1.

g 150[——i=1 | eIy T oo

\5 7?)8 ;a;a;-*;::"::‘»f*—‘ TiZ5--ii=6 --i=7---i=8 1

& 0 100 200 300 400 500
t/s

E 150f S ———— e

2 50f ettt - .

= =30, 100 200 300 400 500
t/s

g 150f ' i ; ' ]

= —505" : : : :

0 100 200 ) 300 400 500

t/s

Fig. 3. (color online) Positions of eight formation satellites in Case 1.

Case 1 Cooperative impulsive formation control without
communication delays;

z Ny —i=1--i=2 =3 ---i=4
& i=5 ---i=6 —i=7 —i=8
75 1 L 1 1
0 100 200 300 400 500
t/s
z 5
B
S
_5 L L 1 1
0 100 200 300 400 500
t/s
2 : :
EA Om
o
72 1 L 1 1
0 100 200 300 400 500
t/s

Fig. 4. (color online) Control forces of eight satellites in Case 1.

Case 2 Cooperative impulsive formation control with
communication delays;

150

—— agent 1
-.- agent 2
100 agent 3
---agent 4
agent 5
g 50~ - agent 6
~ — agent 7
N

0~ ---agent 8

—50 .

oy 160
80 0

~ 50 40

—40

z/m
Fig. 5. (color online) Trajectories of eight satellites in Case 2.

Case 3 Continuous cooperative formation control algo-
rithm with the same control parameters.

~ 200 S S S S——
< N
ERN N i=5---i=6 |
S =2 §=3-mi=4 =7  i—8
—200 - - -
0 100 200 300 400 500
t/s
200 T ™
g ,,—-""—————--"_—_______________
\:',: 0 b B
o
—200 ‘ . ‘
0 100 200 300 400 500
t/s
200
g
I —
3 Y e
S
200 0 100 200 300 400 500
t/s

Fig. 6. (color online) Positions of eight formation satellites in Case 2.

To compare the control energy consumption among
Case 1, Case 2, and Case 3, the control energy consumption
for the networked systems is defined as

8 500
I=Y [ lsar
i=1
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5 4 T —il1--i=2 - i=3---i=4 ]
= (2) ™ i=5---i=6—1=T— =8 |
k‘:_z L L L L
0 100 200 300 400 500
t/s
Z 4 F T T T T =]
3 QM ]
9 ‘ ‘ . ‘
0 100 200 300 400 500
t/s
z ol ]
2 -
~
§ OM
& 9 . . . .
0 100 200 300 400 500
t/s

Fig. 7. (color online) Control forces of eight satellites in Case 2.

150 . —agent 1
W - - agent 2

100 agent 3

z ---agent 4

N 50 agent 5

--- agent 6

(U p— agent 7

50 " agent 8
140

200
g 100 LT ]
~ - i AT S R e e e
=) 0 ¥ —i=1lw==4=2 =3 ---j=4-
= G=5-==f=06 -=4="7 P
~100 : : S
0 100 200 300 400 500
t/s
200
E 100 - —.‘v‘_“_,,.'-"""'—' 4
% R
a = 4
o
—100 ' : ‘
0 100 200 300 400 500
t/s
200 , ; i :
g 100 / j
~ — - -
U? 0 :-_--'!—"““-’” 7
—100 L L L L
0 100 200 300 400 500
t/s

Fig. 9. (color online) Positions of eight formation satellites in Case 3.

4 T : -
. =1 i=2 (=3 ---i=4
SN i=5--mi=6—i=T—i=8|
= e
- 0 i
—2 L L L L
0 100 200 300 400 500
t/s
4
. 2‘&_ |
& A
S oo
9 ‘ ‘ ‘ ‘
0 100 200 300 400 500
t/s
2 :
< lk |
= 0°F
—1 L L L L
0 100 200 300 400 500
t/s

Fig. 10. (color online) Control forces of eight satellites in Case 3.

600

500 |

400

300

Control energy consumption (J)

200 |, — impulsive control without delay
100 — impulsive control with delay
—— continuous control
0 100 200 300 400 500

t/s

Fig. 11. (color online) Comparison of control energy consumption.

To analyze the impulsive effect on system performance,
the figures of sample signal and impulsive effect in Case 1 are
given below.

15—

—— sample signal
1.0
0.5
0
0 10 20 30 40 50 60 70 80 90 100
t/s
Fig. 12. (color online) Sample signal in Case 1 and Case 2.
1 ‘ — —
—i=1--1=2 1=3 ---i=4
0 II::" b
hﬂ' i=5---i=6— =7 — i=8
_1 . . h .
Z 0 100 200 300 400 500
ey t/s
§ 1 -
T 9 "NM
2 e
[ s s ‘ .
g 0 100 200 300 400 500
]
n t/s
1 T
—1 1 1 1 1
0 100 200 300 400 500
t/s

Fig. 13. (color online) Impulsive effect on the controller in Case 1.

We can see that the square formation of eight satellites is
achieved in the above three simulation examples. Comparing
Figs. 4, 7, and 10, we can obtain that the impulsive controller
is discontinuous with some impulsive effect at the sample mo-
ments. From Fig. 11, we can conclude that the impulsive
controller without communication delays has the least con-
trol energy consumption, the impulsive controller with com-
munication delays is the second mainly because of the cost for
the communication delays. The continuous controller has the
most control energy consumption, which proves the effective-
ness of reducing control energy consumption with the impul-
sive controller. Figure 12 gives the sample period moments
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within 100 s. Figure 13 gives the impulsive effect in Eq. (13),
which shows that the impulsive effect will converge to the ori-
gin finally.

To sum up, the simulation results in Figs. 12 and 13 il-
lustrate the effectiveness of the proposed cooperative impul-
sive formation control algorithms. The comparison in Fig. 11
proves less energy consumption of impulsive formation algo-
rithm than the continuous formation algorithm.

5. Conclusion

The paper focuses on the cooperative impulsive formation
control problem for a class of networked Euler—Lagrange sys-
tems with uncertain dynamics and external disturbances un-
der a connected directed graph. Furthermore, the communica-
tion delays among agents are considered. The main features
of the proposed impulsive formation control algorithms are
that the controllers are impulsive and the information interac-
tions among agents are only at some discrete moments, which
reduce the energy consumption and the communication fre-
quency among agents. To handle the uncertain dynamics in the
networked systems, neural-networks approximation and adap-
tive technique are used to compensate for the unknown nonlin-
ear dynamics. With the proposed impulsive formation control
algorithm, all agents converge to the desired formation. With
the consideration of communication delays, the modified im-
pulsive formation control algorithm is proposed. Finally, the
simulation examples are presented to demonstrate the effec-
tiveness of the proposed impulsive formation control laws and
the performance improvements of impulsive formation control
law upon the continuous formation control law. Future work
will concentrate on the distributed impulsive leader-following
formation problem with communication delays.
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