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ABSTRACT Time-varying formation control and velocity tracking problems for second-order discrete-time
multi-agent systems with switching jointly-connected topologies and nonuniform communication delays
are investigated. A local information-based distributed protocol is designed by utilizing the instantaneous
states of the agent itself and the delayed states of its neighbors. Through model transformation and stability
analysis, an explicit mathematical description of a feasible time-varying formation set is proposed. Necessary
and sufficient conditions for the systems with switching topologies and nonuniform communication delays
to achieve the feasible time-varying formation are obtained. The coupling constraints on the gain parameters
and sampling period are proposed, so as to guide the design of parameters in the protocol. We include the
effects of velocity tracking error damping gain in the protocol and derive milder conditions which allow for
not only bounded nonuniform communication delays but also for dynamically switching directed graphs that
are jointly connected. The numerical examples are further presented to illustrate the validity and effectiveness
of the obtained results.

INDEX TERMS Multi-agent systems, consensus control, time-varying formation, switching directed

topology, velocity tracking, communication delay.

I. INTRODUCTION

Multi-agent system is composed of many inexpensive simple
individuals and can emerge much better performance and
even new abilities through efficient coordination. Formation
control, as one of the most fundamental distributed cooper-
ative control problems for multi-agent systems, is a critical
step of cooperation among agents [1], [2]. Therefore, cooper-
ative formation control for multi-agent systems has become a
research hotspot and accurate maintenance of geometric for-
mation between agents has been studied extensively [3]-[5].
In general, the formation control problems for multi-agent
systems are to design distributed coordination protocols for
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networks of agents such that they would approach and main-
tain some desired, possibly time-varying formation. The main
challenge in cooperative formation control is that each agent
has to use local information to achieve the desired forma-
tion, rather than rely on centralized coordination. It is more
difficult when there are constraints such as time delay and
switching topologies.

Recently, consensus control for multi-agent systems has
attracted great attention from various domains and fruit-
ful results have been achieved already [6]-[9]. Following
the boom in the research of consensus control problems,
consensus-based formation control approaches are devel-
oped, which provides the benefits of improving the flexibility,
robustness and scalability of the formation. It has been proved
in [10] that the classical leader-follower, behavior and virtual
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structure based approaches can be regarded as special cases
of consensus-based ones, and the weaknesses of the previous
approaches can be overcame to some extent.

Consensus based time-invariant formation control prob-
lems for first-, second- and high-order multi-agent sys-
tems have been studied extensively [11]-[16]. When the
time-invariant formation is achieved, velocity components of
all agents must be identical. This is not satisfactory because
in many practical applications, such as target surveillance
and formation reconfiguration, the desired formation requires
the velocity components of agents to be different and time-
varying. Besides, the formation of agents cannot remain
stationary if certain tasks are to be executed, such as tracking
amoving target with unmanned aerial vehicles (UAV) swarm.
In these applications, not only the time-varying formation,
but also reference velocity tracking are needed. In [17],
a decentralized controller was proposed based on virtual
leader structure to achieve predefined time-varying formation
with fixed topology. In [18], a controller-observer approach
for time-varying centroid tracking and formation control of
multi-agent systems with switching topologies was proposed,
provided that in each time instant the interaction graph was
balanced and strongly connected (in the case of directed
topology) or simply connected (in the case of undirected
topology). Reference [19] dealt with the cooperative control
problem for nonlinear multi-agent systems with undirected
topology, whose objective was to stabilize a group of agents
to time-varying formation and track a time-varying center.
Time-varying formation tracking analysis and design prob-
lems for second-order multi-agent systems with switching
interaction topologies were studied in [20], with the assump-
tion that each of the possible interaction topologies had a
spanning tree. The time-varying formation problems were
studied in [21] and an adaptive approach was utilized to
develop a fully distributed formation controller for general
linear multi-agent systems with fixed topology. Reference
[22] studied the time-varying formation tracking problems
for multiple manipulator systems under fixed and switching
directed graphs with a dynamic leader. Reference [23] consid-
ered the time-varying formation control problems for a class
of networked systems with non-identical nonlinear dynamics
and fixed topology. Time-varying formation analysis and
design problems for general high-order swarm systems with
communication constraints and fixed undirected topology
were investigated in [24].

Considering the fact that time delay often exists in practical
systems due to the limitation of bandwidth, abundant data
transmission and asymmetry of communication links, for-
mation control problems with time delay have been investi-
gated in [25]-[27]. Reference [28] researched the distributed
formation control problems for multi-agent systems with
randomly switching undirected topologies and uniform time
delay. Reference [29] considered the problems on formation
tracking control of second-order multi-agent systems with
communication delay and fixed topology. In [30], the con-
tainment control problems were considered for nonlinear
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multi-agent systems with fixed topology and uniform time-
delay. Reference [31] investigated the leader-follower forma-
tion control problems for a group of networked robots that
were subject to bounded time-varying communication delays
and asynchronous clock.

It should be pointed out that in most recent literatures,
the systems were described by continuous-time dynamics,
such as the works mentioned above. However, in practical for-
mation control applications via interaction networks, continu-
ous states of agents (such as position and velocity) are always
represented and updated by their sampled values at a cer-
tain interval, which results in discrete-time or sampled-data
formulation. The conclusions obtained in continuous-time
systems cannot be used to solve such problems directly. Thus,
the formation control protocol design and analysis problems
for multi-agent systems with discrete-time dynamics are nec-
essary and of practical significance. In [32], the formation
control problems without time delay were investigated for
discrete-time multi-agent systems subject to unknown nonlin-
ear dynamics by means of iterative learning approach. Refer-
ence [33] presented a distributed control law based on output
regulation control framework to solve the formation control
problems of first-order discrete-time nonlinear multi-agent
systems without time delay. Reference [34] used a fault tol-
erant approach to control a group of wheeled mobile robots
in a formation without time delay. In [35], the time-invariant
formation control for high-order discrete-time multi-agent
systems was achieved in the absence of time delay. The
time-invariant formation control problems of second-order
discrete-time systems with time delay and undirected topol-
ogy were investigated in [36]. Reference [37] established the
necessary and sufficient conditions for designing formation
of discrete-time second-order multi-agent systems with only
one sampling period delay and the desired formation cannot
be time-varying. The asynchronous time-invariant formation
control problems of second-order discrete-time multi-agent
systems with time-varying delays were investigated in [38].
Time-varying formation control protocol design and analysis
problems for second-order discrete-time multi-agent systems
with directed interaction topology and communication delay
were investigated in [39], but the topology was fixed and the
communication delay was uniform.

Although some important results and approaches have
been established in a few references, research on for-
mation control for discrete-time systems is not as suffi-
cient as for continuous systems, especially the time-varying
formation control under conditions with time delay and
switching topologies. This paper mainly focuses on the
time-varying formation and velocity tracking control prob-
lems for second-order discrete-time multi-agent systems
with nonuniform communication delays and switching
jointly-connected topologies, which is meaningful yet still
unresolved. The multi-agent systems in this paper are
described by second-order discrete-time dynamics, where
agents are governed by both position and velocity states.
Many practical systems can be described by this model, such
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as UAV swarm and multi-robot system. It is more compli-
cated and conforms to reality as the sampling period and
gain parameters can be considered simultaneously. A dis-
tributed protocol is designed by utilizing the delayed states
of neighbors and the instantaneous states of agent itself.
In order to achieve reference velocity tracking, we include
the effects of velocity tracking error damping gain in the
protocol. Furthermore, both the desired formation and refer-
ence velocity can be time-varying and the switching inter-
action topologies are jointly-connected. Compared with the
previous results, this paper aims to solve the following four
problems: (i) How to design the control protocol to achieve
desired time-varying formation and reference velocity track-
ing simultaneously; (ii) what are the conditions that guar-
antee the time-varying formation and velocity tracking can
be achieved with switching jointly-connected topologies and
nonuniform communication delays; (iii) how to design fea-
sible desired time-varying formation in mission planning;
(iv) how to design the parameters in the protocol to achieve
the feasible time-varying formation and velocity tracking.

The remainder of this paper is organized as follows.
In section II, some necessary preliminary results and lemmas
are described together with problem description. Section III
considers the time-varying formation control analysis and
protocol design problems. Numerical examples are provided
in section IV to illustrate the validity of the algorithm and
section V summarizes this paper.

Notations: Throughout the paper, let 0 (1) denotes the
column vector of all O (1) with appropriate dimension.
Iy denotes an identity matrix of dimension N.

Il. PRELIMINARY AND PROBLEM DESCRIPTION

In this section, some necessary concepts and results on graph
and matrix theory are introduced firstly, and then a detailed
description of the problem is presented.

A. GRAPH AND MATRIX THEORY

Consider a multi-agent system with N nodes labelled
1 through N, denote Zyy = {1, 2,..., N}. The interaction
topology among the agents can be modelled as a weighted
directed graph G = (W, Q,A), with W = {7, ..., ©onN},
0 C {(wi,m)) : wj,mj € W}and A = [a;]yxn being
the vertices set, edges set and weighted adjacency matrix,
respectively. If agent z; can send its information to z;, then
there exists a directed edge (@), w;) € Q from vertex w;
to @;, and wj is called a neighbour of @;. N; = {wj|w; €
W : (wj, w;) € O} represents the neighbours set of @;. The
adjacency matrix A satisfies a;; > 0 if and only if @w; € N;,
otherwise a;; = 0. If a;; > 0, we say that agent w; has self-
loop. Laplacian matrix L = [l;]yxy plays an important role
in description of the interaction relationship of agents in a
graph and it is defined as L = A —A, where A = [Aj]yxn is
adiagonal matrix with Aj;; = Zf{vzl air. An useful property of
L is that all of its row sums are zero and 1y is an eigenvector
of L associated with the zero eigenvalue, that is L1y = 0.
The directed graph of A, denoted as G(A), is a digraph with N

VOLUME 7, 2019

vertices and satisfies there is an edge in G(A) from vertex @;
to o; if and only if a;; # 0. A directed path is a sequence of
ordered edges (wj,, @},), (@j),, @j;), ..., (@j,_,, @j,) with
@i, ..., o, € W.A directed graph G is said to have a
spanning tree if there is at least one vertex having directed
paths to all the other vertices. A directed graph is said to be
strongly connected if there is a directed path from every node
to every other node. For a collection of graphs, its union is
defined as a new graph whose nodes and edges are the union
of nodes and edges of all the graphs in the collection.

Note that the interaction topology among agents in this
paper can be switching. Let finite set S denotes all the possible
graphs with an index set Zg C N, where N represents the set
of natural numbers. Let o (¢) : [0, +00) — Z; be a switching
signal whose value is the index of the topology at ¢, G(¢),
A(t) and L(¢) stand for the corresponding graph, adjacency
matrix and Laplacian matrix, respectively.

Given a matrix M € R™ ", M is nonnegative (positive) if
all its elements are nonnegative (positive), denoted as M > 0
(M > 0). If a nonnegative matrix M satisfies M1y = 1y,
then it is a stochastic matrix. A stochastic matrix is said to
be indecomposable and aperiodic (SIA) if klim MK = 1T,

—> 00

where ¢ € R™ is constant column vector. Let ]—[fz 1A =
ArAg—1...A1 denote the left product of matrices with com-
patible dimensions.

Lemma 1 [40]: Let M be a stochastic matrix. If G(M) has
a spanning tree with the property that the root vertex has self-
loop, then M is SIA.

B. PROBLEM FORMULATION

Consider a multi-agent system with N nodes, the purpose
of this paper is to design a protocol to steer the agents to
form predefined time-varying formation and track desired
velocity with switching directed topologies and nonuniform
communication delays. In the discrete-time case, using the
forward difference approximation as that employed in [41],
the dynamics of each agent is described by

ey

xi(t 4+ 6) = xi(t) + ovi(r)
vi(t + 8) = vi(?) + du;(?),

where x;(t) € R", vi(t) € R" and u;(t) € R" are the position,
velocity and control input vectors of agent @, i = 1,..., N.
8 > 0 is analogous to the sampling period, in the following
we will refer to it as such. The update time instants r > 0 will
be the form r = 9 + ¢4, tp > 0 is the initial moment, ¢ =
1,2, ....n > 1isthe dimension of the states. In the following,
for the sake of convenience in description, let n =1 if not
otherwise specified. However, all the conclusions hereafter
can be extended to higher dimensional cases directly by using
Kronecker product.

The time-varying formation to be achieved is described by
a set of bounded functions hy(t) = [hix(?), ..., kL O],
hy(t) = [hi(@), ... kO] and ho(t) = [hia(0), ...,
hﬁa(t)]T. h (1), h,(t) and h,(t) are so called formation offset
functions with h;.(¢), h;,(¢) and h;, () being the components
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of position, velocity and acceleration for agent @;, respec-
tively. The formation cannot remain stationary if certain tasks
are to be executed, such as tracking moving military targets
with UAV swarm. The introduction of translational velocity
(possibly time-varying) rectifies this and enables the pro-
posed method to adapt to more practical applications. This
can be accomplished by letting h;,(t) = ﬁiv(t) + vy(t),
where iziv(t) is the velocity component of the desired for-
mation shape and v;(¢) is the desired translational velocity
to be tracked. Define h;(t) = [hi(t), hiy(D]T, &;(1) =
i), vi)I", h(t) = [h{ @), ..., hy®]" and £@) =
[E7 @), ... EnO1.

Definition 1: Multi-agent system (1) is said to achieve
consensus if and only if for any given bounded initial states
and i € Zy, there exists a vector-valued function é (t) such
that

Jlim (§,1) — &) =0, €

where é (1) = [%(t), »(t)]" is called the consensus states func-
tion. Obviously, (2) is equivalent to lim;_, o, (E (@) — & j(t)) =
Oforanyi,jeZy,i #j.

Definition 2: Multi-agent system (1) is said to achieve the
time-varying formation specified by h(¢) if and only if for
any given bounded initial states and i € Zy, there exists a
vector-valued function r(r)= [ry(t), r,()]7 such that

tll)ﬂgo (x,-(t) - hix(t) - rx(t)) =0
tl_l)rglo i(t) — hjy(t) —r,(1)) =0,

where r(t) is the formation reference point.

On this foundation, the formation is said to achieve velocity

tracking if lim r,(t) = 0, thatis lim (v;(t) — h;(¢)) = O for
—00 —00
any i € Zy.

Remark 1: Although the agents will eventually achieve
the desired time-varying formation shape relative to r(z),
the reference point is unknown to all agents, which is dif-
ferent from traditional centralized formation control method.
Furthermore, it can be easily verified that (3) is equivalent
to lim {(§,r) — hi(1)) — (§,(t) — hj(1))} = O for any i,
JE€In,i#].

Remark 2: Note that h;(¢) is the desired time-varying for-
mation rather than the reference trajectory for each agent to
follow, that is k;(¢) depicts the relative offset vector of &;(¢).
In the case h;(t) = h;,(t) = 0, Definition 2 becomes a
consensus problem for discrete-time multi-agent systems.

Due to the limitation of bandwidth, abundant data trans-
mission and congestion of network links, communication
delay often exists in practical communication networks.
Assume that the communication delay only exists in the actu-
ally transmitted information and every agent can use its own
instantaneous states information (Fig. 1(a)). The packet loss
is also ignored for convenience in description and analysis.
In discrete-time systems, agents will only update their con-
troller at certain time instants, hence the received data cannot
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FIGURE 1. A distributed communication delay processing scheme and
communication delay in discrete-time systems. (a) A distributed scheme
to deal with the communication delay. (b) Communication delay in
discrete-time systems.

fh+25 ot

be used immediately. A data buffer is introduced to temporar-
ily store the latest received data packets from neighbouring
agents and these data will be used at the next controller update
time instant. The communication delay from agent ; to w; is
denoted by 7;; and it is reasonable to set the value of 7;; = 76
in discrete-time systems, T € {0, 1, ..., i}, where 7 is the
smallest integer greater than or equal to Tmax /8, Tmax 1S the
upper bound of communication delay. It should be noted that
for discrete-time systems, there exists at least one sampling
period delay when the states are exchanged among agents,
as shown in Fig. 1(b).

To solve the time-varying formation control and velocity
tracking problems with switching topologies and nonuniform
communication delays, the control protocol using the instan-
taneous states information of agent itself and the delayed
states information of its neighbours is designed as follows,

ui(t) = —po (vi(t) — hin(1))

N
+K Y at) | (& — ) — byt — 7))

j=1
— (&) — ki) } + hia0), @
where K = [p1,p2], po > O is velocity tracking error

damping gain, p1, p» > 0 are formation control related gain
parameters.
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Remark 3: Equation (4) solves the problem (i) raised in
the Introduction and the control protocol to achieve desired
time-varying formation and reference velocity tracking is
given. The design of parameters in the protocol will be further
discussed in the next section.

lIl. TIME-VARYING FORMATION ANALYSIS AND
CONTROL PROTOCOL DESIGN

In this section, we will address the time-varying forma-
tion control and velocity tracking problems for second-order
discrete-time multi-agent systems with switching topologies
and nonuniform communication delays.

13 0 0 o’
Denote E = LO 1i|,Fo = [0 _5p0i|,F1 = [8Ki|'

Under protocol (4), the closed-loop dynamics of multi-agent
system (1) can be written in a compact form as

£(t+6) = (InQE)§(1) + Iy ® Fo) (§(t) — h(1))
— (Lp(1) ® F1) (§(t) — h(1))
+ (A1) @ F1) (§(t) — h(1)) + ...
+ (Ah(t) ® Fl) (§(f — Tmax) — A(f — Tmax))

+ (Iv 10817 ) a0, )

where Lp(t) is a diagonal matrix consists of the diagonal
elements of matrix L(t), A;(t) = [a;;j(1)Inxn, element
acij(t) = a;(t) if T; = T4, otherwise a.;;(t) = 0, 7 =
0, ..., A Itis clear that L(t) = Lp(r) — 3", A+ (1).

Let ¢, (1) = xi(t) —hix (), ¥,;,(t) = vi(t) —hi, (1), ¥ (1) =
W), ¥ O, ¥ (@) = [¥7 (1), ..., ¥ {(O]7, then one has

¥i(0) = §;(1) — hi(), (6)
that is
Y1) =&@) — h(). (N
Then it follows that
§@) =¥ (1) + h@). ®)

Substitute (8)into (5), it follows that

Y@+ =UvQE) Y1)+ Un ® Fo) ¥(1)
— (Lp®) @ F1) Y(1)+(Ao(?) @ F1) ¥ (2)
+ ...+ (A @ F1) (Y (t — Tmax)
—h(t +8)+UnBE) h()+ (In 10, 81" ) ha(0).
)
Theorem 1: System (1) achieves the desired time-varying
Sformation if and only if system (9) achieves consensus ast —
o0, that is tlim (1/f,~(t) — 1/f/(t)) =O0foranyi,jeIn,i #].
— 00 !
Proof: (Sufficiency) If system (9) achieves consensus,
by substituting (6) into tlim (1/Ii(t) - tlfj(t)) = 0, it can be
—0Q
obtained that tlim {(€i(t) — hi(2)) — (§;(t) — hj(2))} = O for
—00
any i,j € ZIy,i # j. Then, based on Definition 2, one can
find that the time-varying formation is achieved.

VOLUME 7, 2019

(Necessity) If the time-varying formation is achieved by
system (1), thatis_lim {(§;(r) —h;(1)) — (§;(t) — h;(1))} = O.
Taking account of (6), it follows that tl_i)rglo(llli(t) - l//j(t)) =
0 for any i,j € Zy,i # j, that is the consensus of (9) is
achieved. Thus the conclusion is obtained. O

.

’e‘ &)

Y

'

D

h; (1)

FIGURE 2. Illustration of the consensus-based and centralized formation
control schemes. (a) The consensus-based formation control scheme.
(b) Centralized formation control scheme.

Remark 4: Theorem 1 solves the problem (ii) raised in the
Introduction and the time-varying formation control prob-
lem is transformed into a consensus problem. Fig.2(a) fur-
ther illustrates the architecture of consensus-based formation
control scheme. Under this scheme, each agent executes a
simple motion and maintains desired offset relative to its
respective reference point ¥,;(¢) = &;(¢)—h;(¢). The condition
for determining the multi-agent system has approached the
desired formation is tlilgo (¥:(t) —¥;(1)) = 0, that is the
reference point of each agent has achieved consensus. From a
geometric point of view, the formation is achieved if and only
if the corresponding reference points of all agents coincide
with each other. From Fig. 2(a), one can also find that the
consensus-based formation control scheme depends only on
the states of agent itself and the measurement of its neigh-
bours’ states. Fig.2(b) shows the architecture of traditional
centralized formation control scheme, where r(t) and &,(t)
are formation reference point and the actual states of agent i,
respectively. f;(¢) depicts the desired offset of agent i relative
to r(t), then the desired states r? (#) of agent i can be calculate
by r? (t) = r(t) + f,;(t). If every agent approaches its desired
states accurately, that is &,(r) = rf(t) for all i € Zy, then
the desired formation is achieved accurately. This scheme
relies on the assumption that each agent has the information
of r(¢), which is rather restrictive and may be unrealistic for
many applications due to the limitations of communication
bandwidth and range.
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Because of the existing of communication delay and for-
mation offset vector related items, it is difficult to analyse the
stability of system (9) directly. Therefore, we first introduce
the following proposition to simplify the problem.

Proposition 1: The predefined time-varying formation
satisfies the following formation feasibility conditions for all
i€ IN,

ihix(t +8) = hix(t) + Shi (1) (10

hiv(t +68) = hiv(t) + (Shia(t)

Remark 5: Proposition 1 gives answer to the problem
(iii) raised in the Introduction. It proposes an explicit math-
ematical description of feasible time-varying formation set,
which is not only important for deriving the conclusions of
this paper, but also gives explicit criterions to design feasible
formation in mission planning. Proposition 1 indicates that
the desired formation has the same dynamics characteristic
as system (1). The feasibility conditions are reasonable and
intuitive, as it is obvious that a group of agents cannot accom-
plish all the formation due to their dynamics limitations.
The formation that can be accomplished must meet some
constraints such that the components of position, velocity
and acceleration are compatible without any conflict or sharp
change. Let § — 0, (10) is equivalents to

hix(t) = (1)
hin(t) = hig(t) °

which means that the formation offset functions are coordi-
nated and second-order differentiable. In fact, (11) is similar
to the formation feasibility constraints that given in [20] for
continuous-time systems. On the other hand, (10) has the
same form as system (1) and can be obtained by the forward
difference approximation through (11).

Under the constraints of Proposition 1, the following theo-
rem holds directly.

Theorem 2: Under Proposition 1, system (9) achieves con-
sensus if and only if the consensus of system (12) is achieved
ast — o0.

Y

Y +68)=UvQE) Y1)+ Uy ®Fo) ¥(r)
— (Lp®) @ F1) Y (1) + (Ao(t) ® F1) (1)
+ oA A RF ) (W — tmax).  (12)
This transformation simplifies the mathematical analysis by

eliminating the formation offset vector related items with
Proposition 1. However, due to the existence of nonuniform

communication delays, it is still difficult to analyse the sta-
bility of system (12). In this kind of situation, we continue to
perform a model transformation. It is easy to verify that (12)
can be decomposed into (13) for any i € Zy,

wix(t + 5) = 1ﬁi)c(t) + 3¢iv(t)v
wiv(t + 8) = "/’iv([) _POfS'/’iv(f)
+8 ay(0) {p1 (Yt — ) — ¥, (1)

JEN;
+p2 (¥t — ) — ¥,(0)}. (13)

Let ¥;,(t) = ¥,.(t) + y¥;,(t), where y = pz/pl. Then one
can obtain that

Vit +8) = ¥ () + SM

Vo(t+5) = 8'/_,iv(t) — ¥, (1)
1A% y

+90,(1) — pos (Vi (1) — ¥ (1))
+p28 ) ay®) (V=) =¥, (0). (14

JEN;
Denote )
ni(0) = [P (), nﬁé»v(r)]T, n(@) = ] @).....05017, A =
1_8/)/ /y [0 o0 )
|:Po5 _8/)/ 1+8/]/ —pos | B = |:0p28]' Then (12) is

turned into an equivalent system as follows

n(t +8) = T@n@) + (Ao(r) ® B) (1)
+ ...+ (Ah(l) ® B) ﬂ(f — tmax)v (15)

where I'(t) = Iy ® A — Lp(t) ® B.

By holding the position-related variable ¥, (f) and
velocity-related variable ¥;,(f) together as a new variable
17/ (1), the transformed input term p8 a,'j(t)(ll_fjv(t —Tjj)—

JEN;
vl_fiv(t)) only contains the variables 1} w(1),1 € Iy. By defin-
ing a new states variable g(t) = [nT(t), nT(t— n,..., nT(t—
Tmax)]”, system (15) can be equivalently represented by the
following augmented system

st +8) = E)s(), (16)

where =, ;) is given as (17), as shown at the bottom of this
page.

It has been known that L(z) = Lp(t) — Z'EZOA{(I), and
L(t)1 = 0, then it can be verified that Z(¢)1 = 1 by

I't)+4A0t)®B A1(1))®B

I 0
0 I

2(1) =
0
0 0
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Ap1(V®B Ap(t)®B
0

0 (17)
0
0
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substitute A and B into (17). In order to introduce the main
result of this subsection, we need the following proposition.

Proposition 2: The gain parameters py, p1, p2 and sam-
pling period § satisfy the following constraints

1-6yy >0
1 +68yy — pod > p2ddmax (18)
po—lyy >0,

where dmax denotes the largest diagonal element of all
possible L(t).

Remark 6: Proposition 2 solves the problem (iv) raised in
the Introduction. Coupling constraints on the gain parameters
and interaction period are proposed, so as to guide the design
of parameters in the protocol.

Lemma 2: If all the possible interaction topologies have
spanning trees and the gain parameters pg, p1, p2 and sam-
pling period § satisfy Proposition 2, then G (E(t)) also has a
spanning tree. Furthermore, E(t) is SIA.

Proof: 1t is obvious that all elements of Z(¢) are non-
negative under Proposition 2. Also note that E(#)1 = 1,
then E () is a stochastic matrix. Now, we are going to
prove the graph associate with Z(7) has a spanning tree.
Let ©(t) = T(t) + Zi’:oAr(Z) ® B. Denote the vertices
in G(O(t)) as vy, ..., vy and the vertices in G (E(¢)) as
1, ..., WaNH+1)- Since I'(7) > 0 and based on the assump-
tion that all the possible interaction topologies have spanning
trees (that is G(Z?ZOAT(t)) has spanning trees) and By > 0,
it can be obtained that the there exists a spanning tree among
vertices vy, U4..., U —1), Uan - Further consider the form of
I'(¢) and Proposition 2, it can be derived that vertices vy;
and vy;_1 are strongly connected since I'(2;_1) 2;(f) > 0 and
I'2; 2i—1)(t) > 0, thus the graph G (©(#)) has a panning tree.

If their exists a directed edge (v;, vj) in G (©(z)), then
there exists an edge (wi+oni;, w)) in G (E(r)), where [; =
7;;/8 denotes the number of periods of communication delay
from v; to v;. Recall the fact that G (©(¢)) has a span-
ning tree and denote the root vertex as vj;, then there must
exist directed paths (v;, vj)), (vj, vj,), ..., (vj,, vj) for any
j € {l1,...,2N},j # i, thus there must exist directed
edges (witaniy, » Wjy)s (@421, > @)y - - -5 (@), 42N, O)-
It is not difficult to see that there exist directed paths
(@i, Wit2N ), (Wit2N s WitaN)s - -« (OiyoN (-1, ©itonp)  Tor
any i € {1, ..,2N}. Therefore, G (E(¢)) has a spanning tree
rooted at w;. Furthermore, for any i € {1, .., 2N}, it can be
obtained that the diagonal element Z;;(f) > 0, that is the
root vertex w; has self-loop. Then based on Lemma 1, Z(¢)
is SIA. O

Lemma 3: Let G(t) € S be the interaction graph at
time t. If the union of the graphs G(t1), ..., G(tp) for finite
discrete time instants ty,...,t,(ty > t1) has a spanning
tree and parameters po, p1, p2, § satisfy Proposition 2, then

i, E0) is SIA.

Proof: Let ©() = T(t) + Y"_ A.(1) ® B. We are
going to prove the graph G(X:?:[1 O(t)) has a spanning
tree. Denote the vertices of G(Z:irl O()) as vy, ..., LaN.
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Since I'(r) > 0, based on the assumption that the union
of graphs G(t1),...,G(tz) has a spanning tree (that is
G(Z?:t1 Z?zoAr(t)) has a spanning tree) and By, > 0,
it can be obtained that the there exists a spanning tree
among vertices v, U4, ..., UxN—1), U2y. Further consider
the form of I'(¢) and Proposition 2, it can be derived that
Toi—n2i(t) > 0 and Ty i—1y(t) > 0, that is the 2i™
and (2i — 1) vertices of graph G(X:?:t1 O(?)) are strongly
connected, thus the graph G(Z?ztl ©O(7)) has a panning
tree. Furthermore, if parameters pg, p1, p2, 6 satisfy Propo-
sition 2, there must exist positive constant u such that
;2:[1 (F(t) +A0(t) ®B) > T'(¢t) > wl. Then based on
lemma 7 in [40], this lemma can be proved. O
Theorem 3: Under the Proposition 2, if all the possible
interaction topologies G(t) € S have spanning trees, then sys-
tem (1) achieves time-varying formation and velocity tracking
as t — oo with protocol (4).
Proof: By Lemma 2 and the definition of SIA matrix,
it follows that

+o00
]‘[ () = 1cT, (19)
t=0

where ¢ € RZN"+1) is a constant vector. On the basis of (16),
it can be obtained that

+00
lim ¢t +8) = [JE0s0) =1c"50).  0)
t=0

that is
Jim ¥, (1) = lim ¥,(1) =" 5(0). (i € Iy).  (21)

Further considering the fact ¥,,(t) = ¥,.(r) + y ¥;,(?), it can
be obtained that tl_l)l’rolo ¥, () = tl_l)rrolo V(1) = 0 for all
i,j € Iy. That is the consensus of system (12) is achieved
and thus the time-varying formation is accomplished based
on Theorem 1 and Theorem 2. When the consensus of
system (12) is achieved, it follows that tl_l)rgo v, =
lllrgo(v,'(t) —h;,(t)) = 0 (i € Zy), that is the velocity tracking

is also achieved. O
Theorem 4: Under the Proposition 2, if there exists an
infinite sequence of bounded time interval to, t1, ..., tk, ...

with0 < tgy1 —tx < T, k € N, such that the union of graphs
G(ty), ..., G(tx+1 — 1) has a spanning tree for any k € N,
then system (1) achieves time-varying formation and velocity
tracking as t — oo with protocol (4).

Proof: For any t > 0, denote # the largest integer
satisfies #; < r. Then it follows that

k—1

st +8)=EMEC—1..08w) [] Ems©). ©2)
m=0

where E(m) = [~ E(). Since 0 < tyy41 — ty < T and

the union of graphs G(¢,,), ..., G(t;;+1 — 1) has a spanning
—+00
tree, E(m) is SIA based on Lemma 3, that is [[ E(m) =
k=0
1c¢”. Note that E(r)1 = 1, then lim ¢(r + 8) = 1c7,
—00
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thus the conclusion can be obtained similar to the proof of
Theorem 3. U

Remark 7: The above theorems give us sufficient con-
ditions for achieving formation and velocity tracking of
system (1). Theorem 3 shows that system (1) can achieve
time-varying formation and velocity tracking under the con-
dition that all the possible topologies have spanning trees.
Theorem 4 indicates that even though the interaction topol-
ogy between agents is dynamically changing and the corre-
sponding directed graphs may not have spanning trees all the
time, the desired formation and velocity tracking can still be
achieved if the union graph has a spanning tree.

IV. SIMULATION STUDY

In this section, two numerical simulations, namely Exam-
ple 1 and Example 2, are presented to illustrate the effective-
ness and validity of Theorem 3 and Theorem 4, respectively.
In both of the examples, the multi-agent system consists of
eight agents and the dynamics of each agent is described
by system (1). The collections of all the possible topolo-
gies in Example 1 and Example 2 are respectively denoted
as S; and S», and each contains four graphs, as shown
in Fig. 3 and Fig. 4. It can be seen that all the graphs in S}
have spanning trees. Although each individual graph in S is
disconnected, the union of the four graphs has a spanning tree.
Fig. 5 shows the time-dependent switching topologies index
o(t) and it changes randomly every 5 seconds. These eight
agents are supposed to perform a combination of circular
formation and translational motion, as shown in Fig. 6. On the
basis of Proposition 1, the desired time-varying formation for
agent i is described as follows

2rn(i—1)
8

. T
), 10 sin(@)] ,

hiy(0) = [10 cos(

T
hin(r) = [~ sin (@), 5 cos (@] +va(0)

(123 >4)

AN /e 2Nl A
(1)=2)=3)=4) (1 r»(2)«{3)>4)

O\ N\

oL /AN /AL =) oL /AN AL =)
(B AT A6)=H(5) (8= AT)=6)+H(5)

(@) (b)

/i\ /i\ /3\ /‘1\

\I/ \/X\‘/X\‘]‘/

(8\»4%/7\‘»\‘/6\‘w/5\x

NN S

()

T e (e
(D=A2 =3 )4

\‘/é\‘r—bf/7\}—>f/6\}—>f/5\\

NN %

(d)

FIGURE 3. Interaction topologies in S;.

. T
where ¢; = %4_2’7%—1)’ Vg = [1,%005 (%)] , thus

hi(t) and h;,(¢) forallt > Oand i € {1,...,8} can be
calculated by simple iteration. If the time-varying formation
specified by h;(t) is achieved, the eight agents will locate
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T

AN AN AN A / A A A
(1 (234 (1)=2) (34

N N\ 2 B o\ /) N /)
(8«A7~(86) (5 (8=A(7) (6A5)

(a) (b)

AN AN ANl A AN AN A A
() (2 (34 (1) (243 (4
o\ 7N\ & o) o) o/ A\ e
(8A7) (&) (5) (8)7) (6)*5)

() (d)

FIGURE 4. Interaction topologies in S,.

0
0 20 40 60 80
t(s)

FIGURE 5. Time-dependent switching topologies index.

100 120

‘ v, (%)

FIGURE 6. Desired formation.

on the vertices of an octagon respectively and keep rotation
with a period of 60s. At the same time, the formation will
also perform a translational motion as a whole with desired
time-varying velocity v;(¢). For convenience in description,
the initial positions and velocities of all the agents are set as

T
&) = [12 cos(g;), 12 sin(g;), —%ﬂ sin(g;), %ﬂ COS(%)} ,

where ¢ € [tg — K, tg].
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Letty = hd, po = 0.25,p1 = 0.20,p» = 1.0and § = 0.1 s,
after some calculation, we know that these parameters satisfy
Proposition 2. Simulations were carried out with Tp,x = 0.5's
and the nonuniform communication delays are set as

O 1 2 3 4 5 4 3
2 0 1 2 3 4 5 4
32 0 1 2 3 4 5
4 3 2 0 1 2 3 4
il =0Ix1s 4 3 2 0 1 2 3
4 5 4 3 2 0 1 2
3 4 5 4 3 2 0 1
12 3 4 5 4 3 2 0]
10
5 *
0
X =5 O +
-10
> =
-15
—20
100 105 110 115 120 125 130
Y
+ Agent 1 % Agent3(> Agent 5 3¢ Agent 7
Agent2 [ Agent4 [> Agent 6 % Agent 8
(@
2

VB0 0 e e e e SN
TSSO

Vx

0 20 40 60

80 100 120

2
20 ﬁW*
-2

0O 20 40 60 80 100 120
i(s)

— Agent 1 Agent4 —— Agent7
Agent2 —— Agent5 —— Agent 8
—— Agent 3 Agent6 — Vdq

(b)

FIGURE 7. Simulation results of Example 1. (a) Snapshot of the formation
at t = 120 s. (b) Velocities of agents.

The snapshots of the formation at + = 120 s and veloc-
ities of all the agents in Example 1 and Example 2 are
shown in Fig. 7 and Fig. 8, respectively. Fig. 9 depicts
the curves of the total formation error (F_error(t) =
Y (W0 — ¥1(0) (1) — ¥,(1))) and velocity track-
ing error (Vel_error(t) = Z?:l (1Y, ®)) in Exam-
ple 1 and Example 2. From Figs. 7-9, one sees that both
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%

-20

100 105 110 115 120 125 130
Y
+ Agent 1 % Agent3(>Agent5*Agent7

Agent2 [ Agent4 > Agent 6 XX Agent 8
(a)
2| RSSTREERET
X 0 ?&sé/ ST esesvsese
-2
0 20 40 60 80 100 120
t(s)
2 4&\ >
> L =
< 0 o SST< o 0
_2 S
0 20 40 60 80 100 120

t(s)
— Agent 1 Agent4 —— Agent 7
Agent2 —— Agent 5 —— Agent 8
— Agent 3 Agent6 — vy

(b)

FIGURE 8. Simulation results of Example 2. (a) Snapshot of the formation
at t = 120 s. (b) Velocities of agents.

the time-varying formation and velocity tracking are accom-
plished under the influence of nonuniform communication
delays and switching directed topologies using the proto-
col proposed in the current paper. Through comparison and
analysis of Fig. 7(b), Fig. 8(b) and Fig. 9, we can find that
the formation is accomplished within about 20 s and 50 s,
respectively. This indicates that although the connectivity of
the interaction topologies may affect the convergence rate of
the system, the multi-agent system can achieve the desired
time-varying formation as long as the union of the interaction
graphs has a spanning tree. Further analysis of Fig. 7(b),
Fig. 8(b) and Fig. 9(b) shows that the whole formation can
track desired time-varying translational velocity. It is also
important to note that the translational velocity is that of the
coincident reference points of agents, the absolute velocity
of each agent is the combination of the velocity components
of the desired formation and desired translational velocity,
as shown in Fig. 7(b) and Fig. 8(b).

Compared with existing technology, we include the
effects of velocity error damping gain in the protocol and
derive milder conditions which allow for not only bounded
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FIGURE 9. Curves of the total formation error and velocity tracking error.
(a) Formation error. (b) Velocity tracking error.

nonuniform communication delays but also for dynamically
switching directed graphs that may not have a spanning tree.

V. CONCLUSIONS
Time-varying formation control and velocity tracking prob-
lems for second-order discrete-time multi-agent systems with
directed topology and communication delay are investigated,
where the interaction topology can be switching and commu-
nication delays are nonuniform. A local information based
distributed control protocol is proposed by utilizing the
delayed states of neighbours and instantaneous states of agent
itself. An explicit mathematical description of the feasible
time-varying formation set is given. Constraints on the gain
parameters and sampling period are proposed as guidance
to the design of parameters in the protocol. Numerical sim-
ulations show that nonuniform communication delays can
be safely tolerated, even though the interaction topologies
between agents are dynamically switching over time and the
corresponding directed graphs may not have spanning trees.
There are still a number of issues need to be further inves-
tigated and extensions to heterogeneous multi-agent systems
with asynchronous updates are currently under investigation.
Another thing needs to be discussed in the future is that other
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constraints such as measurement error, external disturbance
and input saturation should be taken into account.
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