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Abstract—In this paper we study the leader following
consensus problem for linear multi-agent systems and a
class of nonlinear ones with bounded disturbances and
non-uniform and arbitrarily large communication delays on
both directed and undirected graphs. In the linear case
we solve for the first time the leader-following consensus
problems in presence of arbitrarily large, non-uniform and
time-varying communications delay on generic connected
graphs. The approach is fully distributed and it is based on
a suitable weighting modification of the network links and
on an output feedback chain of predictors.

Index Terms— leader-following consensus; delay sys-
tems; nonlinear systems.

[. INTRODUCTION

This work addresses the leader-following control problem
of linear agents and a class of nonlinear agents over static
networks in the presence of norm bounded additive distur-
bances and communication delays, possibly heterogeneous and
time-varying. The problem is solved by means of a stabilizing
distributed predictor-based control law.

The cooperative control of a group of agents has been
gaining great attention in the last years due to its high
potential in many applications in particular in robotics and
sensor networks such as vehicle formation [1], autonomous
vehicles [2], robotic systems [3], sensor networks [4], target
tracking [5], and synchronization [6]. The main objective can
be summarized in designing a distributed network protocol,
which takes into account the interactions between neighbors,
that drives the group of agents to agree on certain variables
of interest as time increases

For linear agents in both the cases of fixed and switching
topologies, the leader-following problem has been addressed
and solved in [7]-[13]. Consensus based on output feedback
was instead considered in [14]-[16], while in [17]-[22] mea-
surement noises were introduced. More recently the consensus
problem with agents described by nonlinear dynamics was
investigated in [23]-[26], while hybrid consensus for multi-
agent systems with data-driven jumps, multi-consensus and
clustering partitions have been investigated in [27]-[29].
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In this distributed context, when communication delays are
considered, the problem is further involved.

Whereas the problems of additive noise [17], [22], [30]-
[32] and input delay [33]-[36] are relatively simple to address
by extending approaches used in the single agent case, the
problem of communications delays (see [37]-[51] and the
references therein) is much more challenging, since the delay
may undermine the stability of the consensus dynamics across
the network. Most of the mentioned works refer to special
systems such as scalar systems, or integrators, in some cases
in presence of switching topology [12] or time-varying delays.
Only a few methods are available for the case of general
linear systems, either deterministic or stochastic. In detail,
[39] solves the mean square consensus problem of single-
integrator systems with measurement noise and communica-
tion delays under strongly connected and balanced digraphs,
[43] considers first-order integrators under switching topology
and communication delay, [44] solves the consensus problem
for a tracking problem on integrators, [48] considers stochastic
single integrators with delay, [51] considers a network of
integrators with communication delays and additive as well
as multiplicative noise and [50] provides an approach for
second-order systems with multiple and time-varying delays.
For general linear systems, [47] solves the problem of delay
through a predictor with an integral term. Since this approach
results in significant complexity of the implementation, which
is particularly critical for agents without large computing
resources, [49] proposes a truncated predictor approach for
the case of deterministic agents, that however requires that
the open-loop dynamics is not exponentially unstable. The
approach in [46] addresses general linear systems in the de-
terministic framework with possibly nonlinear disturbance and
constant and uniform communications delay. This approach is
based on a novel extended state predictor, and the solution is
found by means of LMIs. Finally, more recently [52] resorts
to a new approach based on the scalar Lambert equation
and obtaining constructive design, while [37] solves an event-
triggered consensus problem for heterogeneous deterministic
multi-agent systems with nonuniform delays with a LMI-based
approach.

In this paper we follow a different approach that exploits one
fundamental feature of the leader-following problem, namely
the fact that the flow of information is oriented from the
leader to the followers. Since the leader-following problem
boils down to estimating locally the disagreement with the



leader, we aim at reducing the problem to a local estimation
problem with time-varying delays in the measurements. We
observe that the main obstacle to this end is the fact that for
generic networks the information is routed through the cycles
of the graph. In presence of delays on the individual edges,
each node will receive both recent and outdated information
about the leader’s state, thus complicating the task of the
estimation algorithm. In particular, this prevents the use of
centralized predictor designs that have been proposed in the
literature for the state estimation of linear or nonlinear systems
in presence of measurement delays. Based on this observation,
we claim that the difficulties disappear if each node runs an
algorithm to determine the relative position of the neighbors
with respect to the leader, in such a way that only the most
recent information is used to estimate the leader’s state. We
show that this approach allows to recover the solutions used
in the cases of single systems with measurement delay, and
in particular that simple and robust designs are possible even
in presence of heterogeneous and time-varying delays on the
links of the communication network. This approach has been
first proposed in [53], in the context of linear stochastic agents
with uniform constant delay, and here it is further developed
to the case of nonlinear agents with heterogeneous and arbi-
trarily large time-varying delays. In practice, the improvement
with respect to existing proposals is that the hypotheses are
less restrictive, as we admit heterogeneous and time-varying
delays, the design is simple and it yields a computationally
cheap controller that does not involve distributed terms and a
non conservative delay bound.

The paper is organized as follows. In Section II we recall
some notions on directed and undirected graphs that are
used to characterize the network. We then formally define
the leader following problem with linear agents. In Section
IIT we propose a distributed algorithm to associate to the
given network a directed acyclic graph (DAG) rooted in the
leader. In Section IV the solution to the leader following
problem is derived first by considering small delays and then
by generalizing it to the case of large delays. In Section
V the same problem is solved for nonlinear systems with
disturbances on each agent dynamics and measurements, thus
generalizing the results obtained in the previous section. An
example adapted from [46] is discussed in Section VI. The
proposed methodology is tested by comparing the performance
with the results presented in [46].

Notation: (M) denotes the spectral abscissa of the
matrix M. If u(M) < 0 M is said to be Hurwitz. |.|| is
the Euclidean norm unless otherwise specified.

[I. PRELIMINARIES AND PROBLEM STATEMENT

To the leader and the N homogeneous agents we asso-
ciate an unweighted simple graph G = (V, &), where V =
{0,1,2,..., N} is the set of vertices representing the agents
and £ C V x V is the set of edges of the graph. The node
0 represents the leader. Edge (4, j) indicates that agent j can
send information to agent ¢. In this case j is a neighbor of
i. The set of neighbors of node j is denoted by N7. The
connections graph is represented through the adjacency matrix

A = [a;;] € {0, 1} NFUXINFY " wwhere a;; = 1 if (,) € €
while it is 0 if (¢,7) ¢ &.

The N + 1 agents are initially considered linear and de-
scribed, for K =0,..., N, by

Xi(t) = AX(t) + BUR(t) (1)
Yi(t) = CXi(t), (2)

where X (t) € R™ denotes the state of the k-th agent and
Y (t) € R? is the associated output. For the leader following
problem it is assumed that the leader behavior is not influenced
by other agents (i.e. the leader disregards any information from
other nodes even when A0 # () and the leader’s control input
is zero [9], [24], [54], i.e. Uy = 0. Depending on whether or
not the graph G is oriented we have two cases.

Undirected graphs: in this case A is symmetric, a;; =
aj;. The number of connections of each node is represented
through the degree matrix D which is a diagonal matrix with
D;; = |N|. The Laplacian £ = [f;;] € RINFUX(N+1) g
defined as £L = D — A. G is connected if there is a path
(e.g. a sequence of connected edges) between every pair of
vertices. An undirected graph G is connected if and only if
L has a simple 0 eigenvalue [55], [43], [12], [26]. In case of
undirected graphs we make the following assumption.

Assumption 1: The undirected graph G is connected.

Directed graphs: The graph is said to be directed if (i, j) €
& does not necessarily imply (j,7) € £. A directed graph G
is strongly connected if between any pair of distinct nodes @
and j in G, there exists a directed path from i to j, 4,5 € N.
A directed graph G contains a directed spanning tree if there
exists a root node that has directed paths to all other nodes.
The Laplacian £ € RWV+D>*(N+1) g defined as £ := [(; ;] =
M — A where the i-th diagonal entry of the diagonal matrix
M is given by m; = E;V:O a; ;. By construction £ has a zero
eigenvalue with an associated eigenvector 1 (i.e. such that
L1n4+1 = 0) and if the graph is strongly connected all the
other eigenvalues lie in the open right-half complex plane. In
the case of directed graphs, the following assumption will be
considered.

Assumption 2: A directed spanning tree is contained in G
with the leader as the root node.

Notice that for undirected graphs, Assumption 1 implies the
existence of a spanning tree with the leader as the root node.

Definition 1: Leader Following Problem (LFP): Given a

graph topology G associated to (1), find U(t) for each agent
k so that Xo(t) — X (t) is asymptotically stable.
The presence of time-varying communications delays is mod-
eled by the set {0, : Ry — [0,8,4]} for (j,k) € &, that
indicates that at time ¢ the communication from agent k to
agent j is affected by the delay &, (t) € [0, ;1]

Definition 2: Leader Following Problem with Non-uniform
Communication Delays (LFPND): Given a graph topology G
associated to (1), and the communications delays {¢;5} among
the nodes, find Uy (t) for each agent k so that Xo(¢t) — X (¢)
is asymptotically stable.



[1l. CHANGING THE WEIGHT OF THE COMMUNICATION
LINKS

The essential idea is to restrict the communications to a
DAG rooted in the leader. This avoids unnecessary communi-
cations, simplifies the stability analysis and allows for non-
uniform delays. The communication can be restricted to a
DAG rooted in the leader by replacing the links represented
by ¢; with the new weights ij defined by Algorithm 1.

The essential idea is to set to O the weight of all the
neighbors whose distance from the leader, measured by the
number of edges of the shortest path, is larger or equal to
the distance of the node itself. Algorithm 1 achieves this in
a distributed and iterative way. At each iteration a node sets
its own distance fj, as the minimum distance of its neighbors
plus 1. When an incoming link originates from a node farther
away from the leader, the corresponding weight is set to 0. At
steady state, Algorithm 1 ensures that information arriving at
each node k originates from nodes j that are closer than k to
the leader. Thus, A’ = () for the leader, AN’/ = {0} for all the
nodes j initially having the leader as neighbor, etc.

Algorithm 1 Distributed algorithm for node k to restrict the
communications to a DAG rooted in the leader
Ensure: A DAG rooted in the leader with Laplacian matrix
entries Ekj
if £ = 0 then
fk +~0
else
fk — o0
end if
loop
send fj to the neighbors
if min;cpr{f;} < oo then
fk = minjeNk {fj} +1
for j ¢ N* do
if f; < fi then
fkj — gkj
else
Ekj ~0
end if
end for
end if
Uik = = eni Ui
end loop

> forever

The idea behind the Algorithm 1 is illustrated in Fig. 1
that shows the original (top) and resulting (bottom) graphs.
The edge (1,4) suppressed in the modified topology actually
does not convey any useful information to node 1, since the
relevant information for the leader-following task comes from
the leader 0. Actually, the incoming information from node
4 is a disturbance for node 1. Whereas in the delay-less case
the communications are instantaneous and the dynamics of this
disturbance is dissipative, in presence of delays the stability of
the consensus error can no longer be guaranteed. This is the
reason why there is no known method to compensate large
delays over arbitrary graphs, and even the case of bounded

Fig. 1. Communication topology for the example in Section VI (top). The
graph resulting from weighting the edges according to the algorithm of
Section IlI (bottom).

delays is difficult to manage: the delay builds up at each edge
as the information spreads through the network, thus an agent
may receive information with arbitrarily long delay even if the
delay across the individual edges is small.

In the sequel, we assume that the links in the communication
graph has been changed according to the above algorithm
and we show that in this case it is possible to compensate
arbitrarily long delays on individual links.

IV. LINEAR AGENTS WITH NON-UNIFORM
COMMUNICATION DELAYS

We recall two simple sufficient conditions to solve the leader
following problem with linear agents in absence of delay.

Lemma 1: If (A, B) is a stabilizable pair, and Fj, k =
1,..., N, is such that A + BF}, is Hurwitz stable, then the
control

Ur(t) = Fr(Xe(t) — Xo(t), k=1,...,N (3)

solves the LFP.
Proof. Let ni(t) = Xi(t) — Xo(t), k=1,..., N. We have

() = (A+ BFy)nk(t) “4)

Since A + BF} is Hurwitz stable, it follows that n(¢) is
exponentially stable and therefore (3) solves the LFP. 7 is
the disagreement of the agent k with respect to the leader,
and clearly ny = 0. |

Lemma 2: If (A, B) is a stabilizable pair, and Fy, k =
1A,...,N, is such that A + BF} is Hurwitz stable, while
Xo,k(t) is an estimate of Xo(?) available at agent & such that
| Xo(t) — Xo.x(t)|| — O, then the control

Up(t) = Fr(Xp(t) — Xox(®), k=1,...,N, (5

solves the LFP.
Proof. The disagreement 7, = Xy (t) — Xo(t) obeys to

ik (t) = (A+ BFy)ni(t) + BFger(t), (6)

where e (t) = Xo(t) — )?07;@(75) is the estimation error. Since
A + BF}, is Hurwitz stable and X 5 (t) — Xo(t), it follows
that 1 (t) — 0 and (3) solves the LFP. O



A. LFPND with small delays

The LFPND can be solved by the control (5) with an
estimate such that X ;(t) — Xo(t) exponentially.

Assumption 3: The functions {0x; : Ry — [0,0x;]} are
differentiable with dy;(t) < 1 almost everywhere. At each t
the values 0y;(t), 0x;(t), j € N'* are known at the agents k.

Assumption 3 is not too demanding since, for instance,
we may assume that some form of clock synchronization is
present in the network and a timestamp is associated to the
messages from j to k. Moreover, the derivatives of 6 can be
computed with precision in any digital implementation based
on small integration steps, since it reduces to the difference
between the delay value across the integration step.

Theorem 1: If:

1) Assumption 1 or 2 hold together with Assumption 3.

2) The connection topology is modified according to Al-
gorithm 1.

3) (4, B) is controllable and the gains Fj are such that
A+ BFy, k=1,...,N, is Hurwitz stable.

4) (A, C) is an observable pair and at each node k the gains
Ly; are chosen such that with, L; = ZjeN’“ Zk.ij.j,
A, =A—-L,C, k=1,...,N, is Hurwitz stable, i.e.
/L(Ak) < 0. o

5) For all k£ and for some « > 0 such that |u(Ag)| > «
the bounds on the communications delay {d;} satisfy

Skj —
3 / Hcemk*afn)"ijH o<1,
o

where kK =1,..., N, then the solution for ¢ > 0 of

Xo(t) =AXo(t) = Y (1= 8y (#)lhse™ O Ly,
jENE

(ORonlt =50 = Vit = 35(0) - ®

with Xo(1) = @i(r) for 7 < 0, [orflc < oo, is an
exponential estimate of X(¢) and the control (5) with X
given by (8) solves the LFPND.

Remark 1: The predictor (8) depends on the communi-
cations delays, and condition (7) provides a bound for the
delays {Skj}. The parameter « represents the desired rate of
convergence of )/(\'07 k to Xg. In general, a larger o will yield
a smaller set of tolerable delays {dy;}.

Proof. Let 1. (t) = Xo(t) — Xo,k(t) be the estimation error
at node k. By adding and subtracting in each term of the
summation on the right side of (8) the term C X (t — d;(t)),
we obtain, k=1,..., N,

Ent) =Aei(t) — 3 (1= i () lye 0
JENE
“LigC (et = 0k (1) +1;(t = 85(2)) . (9

We now proceed inductively. Since 79 = 0, for the nodes k
such that N'* = {0}, (9) becomes

(1) = Ae(t) — (1 = Sro (1) e 0D L, Cer(t — Sro(t)).
(10)

In order to prove that (10) is exponentially stable, let £ (t) =
eXeg(t) for ¢t > 0, thus

EX(t) = (A4 o, )e (1) — (1 = dro(t))eArtaln)drot)
- LiCef (t — Oro(2)). (11)

Notice that Ay + o, is Hurwitz since, by hypothesis, a +
1(Ag) < 0. Equation (11) admits the integral representation

t _
ep(t) = / e(A’“*“I")(t_T)Lszz‘(T) dr +ar, (12)
t—do(t)

where aj depends on the initial condition ¢y of Xo,k in
[—8ko, 0]. It is immediate to verify that differentiating (12) one
gets (11). Pre-multiplying the LHS of (12) by C' and taking
norms,
ko _
el < [ eet i ae s jesio)]
0 TE[t—bk0,t]

+ [|Caxll, (13)

The condition (7) implies that ||Ce¢ (¢)|| is uniformly bounded,
that is, ||Cer(t)|| — O exponentially. Since (A,C) is ob-
servable, then |lex(f)|] — O exponentially and 1, — 0
exponentially with rate « in view of Lemma 2. We now
consider the generic node k with the inductive hypothesis that
[ln; ()|l — O for the agents j that are closer than k to the
leader. Since in (9) the terms 7;(¢) are therefore exponentially
vanishing, the dynamics of ¢, tends asymptotically to

Eult) =Ack(t) — > (1= () lye o
JENF
<Ly Cer(t = 015(1)-

(14)

We can introduce £¢(t) = ety (t) for t > 0, with a <
a; < a. Notice that oy, that can be arbitrarily close to «,
is not a design parameter but it is used only to prove the
convergence. Moreover, if the inequality (7) is satisfied by
o then it is satisfied by any o) < «. Proceeding as in the
previous case we arrive at (notice that |(;;| = 1)

Skj
lcesn < /
JENFE 0

sup
TE[t—0kj,t]

st | g

[Cei (DIl + ICaxll,  (15)

and as above we conclude that (14) is exponentially stable
thanks to (7) and 7, — 0 exponentially with rate ay. U

Theorem 1 yields the distributed design procedure for the
gains Fj and Lj shown in Algorithm 2. Here we suppose that
the desired rate o of convergence to 0 of the leader’s state
estimation error at each node k is a design parameter. This
value determines also the rate of convergence to the leader’s
state of X when the control (5) is used. Algorithm 2 sets
a+ u(A—LiC) = 0, but the hypothesis a+ u(A— LyC) < 0
of Theorem 1 is satisfied by any value less than «, thus the
algorithm determines the largest « that satisfies (7), and it may
fail if this is not possible. We notice that this may happen only
when A is not Hurwitz, because otherwise the choice L = 0
and o = —p(A) + €, with arbitrarily small 0 < €, < —u(A)



Algorithm 2 Distributed control design algorithm at each node
k with non-uniform small communications delays

Require: Assumption 1 or 2, and Assumption 3
Require: Systems matrices A, B, C
Require: delay bounds dy; for j € Nj,
Require: desired exponential rate o > 0 of convergence to 0
of the leader’s state estimation error
Require: adaptation step 0 < ., < a.
Ensure: controller gain F}, observer gain Lj; that solve
LFPND and attainable rate oy, or fail.
compute Fj, such that y(A + BFy) = —«
compute L such that u(A — LyC) = —«
Qf < «
while o, > 0 & (7) not satisfied do
ap < O — 50,
compute Ly such that (A — Li,C) = —ay
end while
if o, > 0 then
success
else
fail
end if

always satisfies (7). We are therefore left with the problem to
cope with large delays when the matrix A is simply stable or
exponentially unstable, which is the topic of the next section.

Remark 2: The convergence analysis of Theorem 1 is based
on the exact knowledge of dy;(t) and its derivative. We
notice that a small systematic bias on &;;(¢) has no effect
on &;,;(t). A noisy measurement of dy;(t) reflects on dy;(t)
and it introduces a multiplicative state noise in the equation
of the estimation error. When there is a significant noise on
Skj (t) it is possible to drop it in the observer/predictor, i.e.
to replace (1 — dy;(t)) with 1 in (8). In this way one obtains
the observer/predictor described in [56], which, in the case of
constant delays, has the same delay bound.

B. LFPND with large delays

The design of chains of predictors is a consolidated tech-
nique for single systems (see for instance the more recent [57])
but its application to networks of multi-agent systems has so
far proven elusive. By taking advantage of the DAG structure
of the communication network provided by Algorithm 1 the
solution is easy to find. With the aim of adapting the observer
design of Theorem 1 to cope with large delays we adopt a
slightly different philosophy: the last element of the chain is
an observer that estimates X(¢ — 0;) from the measurement
of the neighbors that refer to ¢ — 0y, and the remaining
elements are predictors over a fraction of &, that eventually
yield an estimate of X((¢). Consequently, the chain includes
at least two elements and the communications delays can be
arbitrarily large. Since the observer and the predictors are fed
with information from the neighbors having constant delay
the delay derivatives are no longer needed. Finally, the delay
bound for the individual elements of the chain is in general less
restrictive than (7). On the negative side, an array of at least

two predictors is needed, as well as a buffer to align temporally
the information coming from the neighbors. Assumption 3 is
replaced by the following milder version.

Assumption 4: The functions {0x; : Ry — [0,0,]} are
continuous and the values d;;(t), 7 € N, are known at the
agents k.

At the agent k a chain of my+1 predictors is made up by the
estimators X; 1, % = 0, ..., my. The chain length is the small-
est integer my, > 0 such that, with §;, = maneNk{gkj}/mk,

/Sk
0

for L, = ZjENk Ekijj Aand arbitrary « such that o +
p(Ag) < 0. The estimator X; x(¢) aims at estimating Xo(t —
i0y,), thus )?07;C estimates X (¢) and )?mk,k estimates X (¢t —
mk5k). The last estimator, with index ¢ = my, is an observer
with equation, for ¢t > 0,

(16)

Celbral, | 4 < 1,

Xoon(t) = AXpn, 1 (1)

= 3 s (O t) = st = madi))
JENFE

(17)
Notice that (17) doesn’t use the most recent value of y; but,
since d,, is continuous, the value y; (t—mkgk) is available, for
example by buffering the past output values of the neighbors
in [t —mydy, t]. The i-th predictor, 0 < i < my, has equation
Xin(t) = AX; 4 (t) - L,,C ()?i,k(t — 5 — )?m,k(t)) .

(13)
All the estimators are initialized to an arbitrary norm-bounded
function at negative times. As befoAre, the controls are designed
as a feedback from the estimate X 1 (¢), that is,

Uk(t) = Fi(Xi(t) — Xox(t), E=1,...,N, (19

Theorem 2: In the hypothesis of Theorem 1, with Assump-
tion 3 replaced by Assumption 4, assume that, for each k, my
satisfies (16) for some o > 0 such that « + p(Ag) < 0. Then
the control (19) with X ; solution of (18) solves the LFPND.
Proof. The estimation errors are €; , = Xo(t —i0y) — )?i7k(t).
For ¢ = my, that is, the last predictor, the error satisfies, ¢ > 0,

Z'fmk,k(t) - (A_LkC)Emkﬁk(t)— Z ékijanj(t—mkdk),
JENK
(20)
and, in the inductive hypothesis n; — 0, &, . is exponentially
stable. For ¢ < my, the error equation satisfies

éi,k(t) = AEivk(t) — ek L.C (&:,k(t - Sk) + 5i+1,k(t)) ,
2D
and since €;41 () — 0, by proceeding as in Theorem 1 the
delay condition (16) is sufficient to prove £;(t) — 0 and
Xoyk(t) — Xo(t) .
Remark 3: The prediction could also be obtained with only
my, rather than my, + 1, predictors, see for example [57], but
the structure in (17)—(18) is simpler. Notice that condition (16)
is in general less restrictive than (7). For example, a chain of
two estimators (i.e. m = 1) would yield a less conservative



Algorithm 3 Distributed control design algorithm at each node
k for arbitrarily large non-uniform communications delays

Require: Assumption 1 or 2, and Assumption 4
Require: Systems matrices A, B, C
Require: delay bounds dy; for j € Nj,

Require: desired exponential rate o > 0 and margin ¢, > 0
of convergence to 0 of the leader’s state estimation error
Ensure: controller gain F}, observer gain Lg, chain length

my + 1 that solve LFPND.

compute Fj, such that y(A + BFy) = —«

compute Ly such that u(A — LyC) = —a — €,

compute the largest &, that satisfies (16) for given A, C,

Ly, o -
[maxjeA[k{ 6kj}'|

my < i

delay bound than the single observer (8) when there is more
than one neighbor.

Theorem 2 yields the distributed design procedure shown
in Algorithm 3 to compute at each agent k the gains Fy,
Lj and the chain length my + 1. The gains Fj, Lj are
computed by each agent through Algorithm 3 and they are
used to implement the local observers (17), (18) and the local
controller (19). Also in this case we suppose that the desired
rate o convergence to 0 of the leader’s state estimation error
at each node k is a design parameter. The main difference
with respect to Algorithm 2 is that in this case o can be
freely chosen, and the convergence to 0 of the leader’s state
estimation error is ensured for any delay and any location of
the eigenvalues of A. Clearly, larger 1(A) and larger delays
yield a larger value of the chain length mj + 1 and a larger
number of chained observers at each agent.

V. NONLINEAR AGENTS WITH NON-UNIFORM
COMMUNICATION DELAYS AND DISTURBANCES

We can extend the results of Theorem 1 to the case of
nonlinear systems with additive disturbances. To this aim,
consider the agents’ structure, k = 0,..., N,

Xi(t) = AXp(t) + BUR(t) + (X1 (1)) + wy(t)
Yi(t) = CXp(t) + v (t),
where, as usual Uy = 0, wp, € R"™ and v, € R are
disturbances, v : R® — R"™ is smooth and the following

assumptions hold.
Assumption 5:

(22)
(23)

o The disturbances are norm bounded,

Willoo = W < 00,

[villoo =0 < 00,4 =0,1,...,N.
e 7 = supyeps [22(X)]| < oo (e ¢ is globally
Lipschitz).

Moreover, we introduce an assumption for stabilizing
through the input U}, the disagreement X — Xj.

Assumption 6: There exist positive definite P,Q € R™*"
and R € R"™*™ such that for all X € R™

P <A+ g;f,(X)) + (A+ %(X))TP

—PBR'BTP+Q<0 (24)

When (A, B) is in Brunowski form and ¢(X) = B¢(X)
(i.e. input matching condition), it is possible to construct the
matrices P, R and @ satisfying (24) (see Lemma 6 in the
Appendix). Boundedness of ||g—}f,(X )|| (Assumption 5) is to a
certain extent necessary for the existence of constant matrices
P, @ and R satisfying (24).

Definition 3: Leader Following Problem with Non-uniform
Communication Delays and Disturbances (LFPNDD): Given a
graph topology G associated to (22), and the communications
delays {dx; } among the nodes, find Uy(¢) for each agent k so
that || Xo(t) — Xx(¢)|| is uniformly bounded.

First of all, we propose a simple control law which sta-
bilizes the disagreement 7 := X — X and guarantees its
boundedness under bounded input and disturbance in absence
of delay.

Lemma 3: Under Assumption 6, the control input

Up(t) = —R™'BT P(X,(t) — Xo(t)) (25)

solves the LFP. Moreover, for each kK = 1,..., N the system
Me(t) = (A — R7'BT P)ny.(t) + BAUR(t) + wy(t)
+ (me(t) + Xo(t)) — ¥(Xo(t)) + Awg(t)

)
Xo(t) = AXo(t) + ¥(Xo(t)) + wo(t)

(26)
27)

has bounded state 7;(¢) under arbitrary but bounded signals

AU (t) and Awg(t). Moreover, ni(t) — 0 as AUi(t),

Awk(t), wi(t) — 0.

The proof easily follows from Assumption 6 and it is omitted.

With the help of Lemma 3 we can give the following solution

to the LFPNDD (the proof is reported in the Appendix).
Theorem 3: If:

1) Assumption 1 or Assumption 2 hold together with
Assumptions 3, 5 and 6.

2) The connection topology is modified according to Al-
gorithm 1.

3) The pair (C,A) is observable and at each node k
the gains L;; are chosen such that, with L, =
Zje/\/’»‘ Zk.ij.j, the matrix A, = A — L;,C is Hurwitz
stable.

4) For all k the bounds {6} on the communications delay
are such that

Skj ] _
S [T clan + [Tyl e <1
JENF 0 0
(28)
where £ =1,..., N, then the control input Uy

Ur(t) = —R™'BT P(X4(t) — Xo.x(t)) (29)

where X’(Lk(t) is the solution for ¢ > 0 of

Xox(t) = AXo(t) + Bu(Xox(®) = 3 (1= 615(0))
JjENE
NN LEIO)
(CRor(t =85 (1)) = wi(t = 01y (1)) )

solves the LFPNDD.

(30)



It is possible to provide conditions that ensure that the delay
condition (28) is satisfied by a suitable choice of L. For exam-
ple, when (s) satisfies the input matching condition and the
agents’ matrices (A, B, C) are a Brunowski triple (A, By, Cp)
there always exists a suitable gain Lj; and sufficiently small
positive delay bounds 5kj such that condition (28) is satisfied.
To show this we recall two known technical results.

Lemma 4: Let Ay, = A, — LC, and o(Ap) =
A = {A1,..., A} be a set of n distinct negative reals.
V(S\) denotes the Vandermonde matrix whose ¢-th row is
- \; 1]. Then, the change of coordinates represented
by V(\) makes Ay, diagonal, i.e. A, = V"EH(A)AV()) with

A = diag;()\;). Moreover, if \; = —w’, w>0,i=1, ..., n,
then

lim [V (V)] =1. 31)

Proof: See Lemma 2.2 in [58]. n

Lemma 5: For any € > 0 there exists L such that, with
Ap = Ay — LCY,

o0
et By ds <. 32)
0 4 -
Proof: Choose \; = —w', w > 0. Since ||[V(N\)B|| =

l[eoliy (D] = v/,
t t
JHEO/ e By s < Jim HV*I(A)H/O e rds
_Ivoilva -
w
and in view of Lemma 4 it is always possible to choose w
such that ||V (A)|| vr/w < e. [

Remark 4: The trade-off between the Lipschitz constant of
the non-linearities and the maximum communication delays
is clearly visible in the structure of condition (28). In order
to make the second term in the left side of (28) less than
1 it is necessary that the eigenvalues of Ay are sufficiently
negative which is possible if Ly is sufficiently large. A large
Ly, increases the norm in the first integral, making Skj smaller.

When there are only additive norm bounded disturbances,
ie. ¥(X,U) = 0, we recover the delay bound (7).

Corollary 4: In the hypotheses of Theorem 3, if (X, U) =
0 and the bounds {J;} on the communications delays satisfy
(7) then the controls (29) solve LFPNDD.

Theorem 3 yields the distributed design procedure shown in
Algorithm 4 to compute at each agent k the gains —R~!BT P
and L; that are used to implement the local observer (30)
and the local controller (29). The design parameters are the
matrices R and @ of (24) and the desired spectral abscissa «
of the closed-loop estimation error dynamical matrix A— L C.
The algorithm determines the largest oy, that satisfies (28).

Finally, when disturbances vanish in the origin we recover
asymptotic consensus.

Corollary 5: In the hypotheses of Theorem 3, if w = v
0 and (0,0) = 0, if Ly; and the bounds {d;;} on the
communications delays satisfy, for any o > 0,

Z/
JENF
<1,

dr

e(Axtal)fp OH d0+7/

(34)

Algorithm 4 Distributed control design algorithm for nonlin-
ear agents at each node k£ with non-uniform small communi-
cations delays
Require: Assumptions 1, 2, 3, 5, 6
Require: systems matrices A, B, C
Require: delay bounds dj; for j € N,
Require: gain parameters Q, R~*
Require: Lipschitz constant ~
Require: desired spectral abscissa —a of the closed-loop
estimation error dynamics, adaptation step 0 < 0, < a.
Ensure: controller gain —R~'BT P, observer gain L that
solve LFPNDD or fail.
compute P by solving the Riccati equation (24)
compute Ly such that pu(A — LiC) = —
af <
while o, > 0 & (28) not satisfied do
Qf < o — (Sa
compute Ly such that (A — LyC) = —ay
end while
if a, > 0 then
success
else
fail
end if

then the controls (29) solve the LFPNDD, ie. Xo(t) —
Xk (t) — 0.

VI. EXAMPLE

We consider an example adapted from [46] with heteroge-
neous constant delays. A network of unmanned aerials vehicles
(UAVs) is composed by one leader and 4 followers with state
X (t) € R?, input Uy (t) € R?, and dynamics, k =0, ..., 4,

Xi(t) = AXi(t) + BU(t) + 0(Xk (1)), (35)
Ya(t) = CXi(0), (36)

A:<(1) 01>’B:<0%5 015)’02(1 0)

_ sin(Xl)
$(X) = 8 (Sm( X2>) | G7)
Since gh/) in (35) is uniformly bounded and
supy || 53¢ || < 25 Assumption 5 and Assumption 6 hold true

and we use the representation (22) with wy(t) = vi(t) = 0.
Condition (34) of Corollary 5 provides a delay bound for
asymptotic consensus.

The network topology is shown in Figure 1 (top). The agents
are strongly connected, but by using the communication links
according to the algorithm of Section III the connection is
restricted to the DAG in Figure 1 (bottom). Notice that, by
disregarding the link from node 4, the estimation task of node
1 becomes simpler and node 4 is not affected.

We set 3 = 3-1072 as in [46]. The control gain F}, =
—R™'BTP is the same for all the agents ans it is obtained
by solving PA+ ATP — PBR™'BTP + Q = 0 with Q =
I and R = 1. It is readily verified that this choice satisfies
(24) of Assumption 6 and o(A + BF};) = {—1.06 £ 0.94;}.
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Fig. 2. Logarithm of the norm of the consensus error of the agents for
the original network (top) and the modified network (bottom).

The observer gain Ly = Ly; is also uniform and it assigns
the eigenvalues {—0.6 £ j} to A — L;C (that is, a = 0.6).
In this configuration the communications delay bound (34) is
Skj = 0.508 for all the links. In the simulations we set the
communications delays d;9 = 0.50, d2; = 0.45, 632 = 0.35,
043 = 0.40, 614 = 0.20. Fig. 2 (bottom) plots the log-norm of
the consensus error of the 4 agents with the network topology
of Fig. 1 (bottom), that shows exponential convergence to 0
of the consensus error. In contrast, when using the original
topology of Fig. 1 (top) the consensus error convergence is
much slower, as shown in Fig. 2 (top), even if the delay of
the extra link 4 — 1 is small.

Notice that all the followers converge to the leader’s tra-
jectory with the same exponential rates (the slope of the
coloured lines in Fig. 2, bottom), however the instantaneous
disagreement values are different because nodes closer to the
leader start converging earlier due to communications delays.
However, all trajectories eventually become identical when
| X% — Xol|| ~ 0. The plateau at 10716 is the limit of numerical
precision.

These results, although limited to the consensus algorithm
described in this paper, illustrate the de-stabilizing effect of
network cycles in presence of delays and support our claim
that a suitable weighting of the network connections is the
most effective way of dealing with delays in the Leader-
Follower context. Finally, we remark that these results com-
pare favourably with those reported in [46], where the total
delay, which in that case includes input delay, is § = 0.1
and practical consensus is reached for ¢ > 150s. In our case,

practical consensus is reached for ¢ > 25s with a much larger
delay. Although the comparison is only partial because the
scheme in [46] includes additional modeled disturbances, the
proposed method displays better performance in dealing with
delays.

VIlI. CONCLUSIONS

In this paper we have provided some evidence for the claim
that the presence of delays on networks can be more effectively
handled by modifying the network topology. In particular,
we have provided the first solution of the leader-following
consensus problem of linear systems in presence of arbitrarily
large and time-varying communications delay. It should be
remarked that this is possible in the leader-following context
thanks to the fact that information flows from the leader to
the followers, whereas it is less obvious how this approach
can be adapted to the case of consensus among agents. When
the network topology is modified by following this approach,
the convergence of the estimators to the leader’s state can be
proven locally, thus any other estimator/predictor from delayed
measurement can replace the one we have used here. It is
therefore simple to extend these results to the case of stochastic
or heterogeneous systems.

APPENDIX
__Proof of Theorem 3. Let nx = Xj — Xo, e = Xo —
Xox and F = —R™!BT P. With the control input (25) the
dynamics of 7y is

k() =(A + BE)ni(t) + BAUK(t) + ¢ () + Xo(t))
— P(Xo(t)) + wi(t) + Awg (1),

with AU, = Fep and Awy, = —wy. Moreover, if |[eg(t)]]
is uniformly bounded then ||AUj(t)|| is uniformly bounded.
By Lemma 3 and since ||[Awi|lcc < @ < oo, if |lex(t)]]
is uniformly bounded then |7 (¢)|| is uniformly bounded.
In order to prove that |leg(¢)|| is uniformly bounded, by
subtracting (30) from (22) we obtain, ¢ > 0,

eu(t) =Aei(t) + P(Xo(t), ex(t)) +wo(t)

- (- 81 (£)) e 09 L (Cer(t — b (1))

JENF

—Cn;(t = 0k (1) + v (t — 0x;(2))) ,
where, for the sake of concision, Q(Xo,gk) = w(XQ) —
W(Xo — ex) and e(1) = Xo(7) — Xo k(1) for 7 € [—0,0].
Thanks to the graph structure produced by the algorithm of
Section III we can adopt the same inductive procedure as in
Theorem 1. We first suppose that the disagreements 7; = 0,
that holds for the immediate followers of the leader. In this

case we have the following integral representation for £ (t),
valid for ¢ > 0,

elt) = >
JENF

+ /0 Ak (t=7) (@(XO(T),ek(T)) —vj(7)+wo(7)) dr + by.
(38)

t — _
/ eAk,(t*T)gkijj (Cep(T) +v;(7)) dr
t—05;(t)



The value of by, depends on the pre-shape functions and it can
be chosen to make ¢, continuous in ¢ = 0. Let us define,

0o
m1:/ HeAkS ds < oo,
0 —
Okj | —
Mo = Z / HeAkTijCH (17'7
JENF 0
Sks | —
ms = Z / HeA’“SijH ds < oo.
jenk 0

By taking norms in (38) we get, t > 0,

lex@ <(yma +mz) sup |lex ()l + [[ox ]| + 1@

7€[0,t]

—+ (m1 —+ mg)”l_)

Since (28) implies that ym; + mo < 1, by taking the sup in
[0,t] we obtain the bound

ok || + maw + (my + m3)v
1 —ymiy —me

sup [lex(7)]| < < oo.

T7€[0,t]
This implies that ||e(t)| is uniformly bounded in time, and
so it is ||nx(t)|l, as shown above. The inductive step is
proved as above by considering the additional presence of
the disagreements 7);, that are however uniformly bounded in
norm. ]

Lemma 6: Assume that (A4, B) is in Brunowski form, i.e.

010 0 0 0
0 01 0 0 0
A= 00 i B=1],
000 -~ 01 0
000 -~ 00 1

and let ¢ : R” — R be such that sup y g BX( )| < +oo.
There exist positive definite P,Q) € R"*"™ and R € R™*™
such that for all X € R"

(AJngg}(( )) (AJng;z)(( )) P

—~PBR'B"P+Q<0. (39
Proof. Let I,, denote the n X n identity matrix. By [59] and
since (A, B) is controllable and (I,,, A) is observable, we have
the existence of IT € R™*™ such that

A+ A"l —TIBB'I + 21, = 0. (40)

LN (e),T(¢) := diag{e ™, ,e7"},
Q(e) == e 'T7%(e), R(e) := e~ 2T,

where € > 0 is a parameter to be selected, and consider the
matrix

()<A+Bg;”(( )) <A+B§;§(X)>TP(5)

— P(e)BR ()BT P(e) + Q(e). (41)

By multiplying both sides of (41) by I'(¢) and since (A, B)
is in Brunowski form, we obtain the matrix

e { (A—i—aBg;/é( )5(5)>

o
0X

where S(e) := diag{e"~!,---

e { <A+ Bgf(( )5(5))

9
0X

.
(A+ eBLE. (X)S(s)) H—HBBTH+IH}

,€,1}. By eq. (40), we have

.
(X )S(s)) H—HBBTH+In}

.
g;/’(( )S(e) ) - e ',

<A+5B

oy

< HBaX(X)S(s) + (

Finally, for the boundedness assumption on ||g—§’((X )|, pick
€ > 0 such that for all X € R”

oy

o
S+ (B

.
B2y X )5@)) ) < I,

then (41) is negative semi-definite and this proves the claim
of the lemma with P = P(e), Q@ = Q(¢) and R = R(e). A
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