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Abstact. The problem of consensus control of linear discrete-time multi-agent sys-
tems (MASs) with switching topology is considered in the presence of a leader. The
goal of consensus control is to bring the states of all agents to the leader state while
providing stability for local agents, as well as the MAS as a whole. In contrast to the
traditional approach, which uses the concept of an extended dynamic multi-agent
system model and communication topology graph Laplacian, this paper proposes a
decomposition approach, which provides a separate design of local controllers. The
control law is chosen in the form of distributed feedback with discrete PID control-
lers. The problem of local controllers’ design is reduced to a set of semidefinite pro-
gramming problems using the method of invariant ellipsoids. Sufficient conditions
for agents’ stabilization and global consensus condition fulfillment are obtained us-
ing the linear matrix inequality technique. The availability of information about a fi-
nite set of possible configurations between agents allows us to design local control-
lers offline at the design stage. A numerical example demonstrates the effectiveness
of the proposed approach.

Keywords: multi-agent system, consensus control, switching topology, PID controller,
invariant ellipsoids method, linear matrix inequality, semidefinite programming problem.

INTRODUCTION

Recently, consensus control of multi-agent systems (MAS) with networked struc-
tures has attracted the great attention of many researchers from different fields of
science and engineering [1; 2]. In the field of automatic control, the development
of consensus control theory is stimulated, in particular, by the rapid development
of unmanned mobile vehicles and ensuring their coordinated behavior in accor-
dance with the common goal [3]. Similar problems also arise under the control of
large-scale systems with networked structures, such as complex technological and
automated production systems, supply and logistics chains, and energy and trans-
port systems as well.

The main problem of consensus control of MAS is the design of a control
law, which allows all agents to reach the agreed values of their state or output
variables, using the information obtained from other agents. Here, the control law
is constructed based on a consensus protocol [2; 4]. The protocol design assumes
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that the control for each local agent is formed on the basis of information about
the deviations of the state or output vector of any agent from the corresponding
vectors of neighbouring agents directly related to it. In this case, the
corresponding control system also has a network structure wherein the rules for
information exchange between each local agent and its directly connected
neighbours are determined by the network topology.

A topology model usually describes the MAS structure as connections be-
tween agents in the form of a directed graph, in that the nodes of which corre-
spond to the controlled local agents, where the graph edges describe the informa-
tion transfer channels between them. Usually, a consensus protocol is taken in the
form of a linear deviation feedback between local agent states or outputs and the
weighted average vector of states or outputs of its immediate neighbours. In such
a case, the control problem is reduced to finding a set of feedback gain matrices
from the stability condition for both local controlled agents and the MAS as a
whole, considering the relationship between them, as well as the condition of
reaching a consensus.

Taking into account the peculiarities of practical problems of MAS control
leads to the need to complicate the problems under consideration. In reality, due
to breaks in communication channels, the topology of connections can be arbitrar-
ily changed by switching between elements of a finite set of possible configura-
tions, which leads to the need for consensus control design under switching topol-
ogy conditions.

REVIEW AND ANALYSIS OF INFORMATION SOURCES

In the last years, consensus problem research has developed very rapidly and nu-
merous results have been obtained concerning distributed consensus protocols for
MAS design (see [5; 6] and references therein).

The usual approach to solving consensus control problems is based on a dy-
namic model of MAS with an extended state vector composed of the state vectors
of local agents, thus constructing a model using the concept of the Laplacian of
the communication topology graph [7]. At that, the Kronecker product of the dy-
namic matrices of local agents describes the matrix of the extended MAS model
dynamics.

Efficient methods for studying the stability of such systems have been de-
veloped; for the synthesis of consensus control, modern methods for controllers’
design in state space, including the methods of linear matrix inequalities (LMIs),
are widely used. In [8], using the LMI technique, a new form of state-feedback
consensus control based on the aggregate Laplacian is proposed and sufficient
conditions of stabilization are established using the Lyapunov stability theory.

Early work in this area dealt mainly with the problem of ensuring consensus,
represented in the form of balance ratios of an agent’s state vectors so that all
agents are driven to converge to a common state, determined by the consensus
conditions. Further development of consensus control is associated with an
additional condition of following the leader, which is considered an agent that
imposes the desired behavior on others [5]. A number of works have been

devoted to the consensus control problems in multi-agent systems with a leader, see
links in [9].
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A large number of works are devoted to the consensus control design prob-
lem under switching topology conditions; systematized results are given in [10].
In [11], it was shown that under certain assumptions, consensus can be achieved
asymptotically under dynamically changing interaction topologies if the union of
the collection of interaction graphs across some time intervals has a spanning tree
frequently enough. Consensus of MAS in a continuous time domain under fixed
and switching topology was studied in [12], where the dynamics of local and
leader agents are considered linear; the design technique was based on Riccati
inequality and Lyapunov inequality. These results have also been generalized to
discrete-time systems. In [13], sufficient conditions for the solvability of consen-
sus problems for discrete-time multi-agent systems with switching topology and
time-varying delays have been presented. In [14], the consensus problem for
MAS was also considered in the discrete-time domain, the topology of interac-
tions between agents was assumed to be switched and undirected. In [15], the co-
operative control problem of discrete-time multi-agent systems is discussed,
bounded uncertain time delay and directed switching topology are considered, and
sufficient conditions for asymptotic consensus of the system under directed
switching topology are obtained. State-of-the-art survey on consensus control of
network systems with switching network topologies, presented in [16] with em-
phasis on the relationships between the switching among different topology can-
didates and the networked control stability.

The architectural features of networked consensus control systems, com-
bined with a natural desire to reduce the computational resources required to cal-
culate controls in real time, stimulated an increase in interest in building distrib-
uted multi-agent systems with decentralized consensus control. From the
viewpoint of the practical implementation of consensus control, a decentralized
approach is of great interest, in which the local control for each agent is designed
only using locally available information, so it requires less computational effort
and is relatively more scalable with respect to the number of agents. A decentral-
ized approach to asymptotic consensus control design for discrete MAS, where
local agents exchange information only with their nearest neighbours is studied in
detail by a number of researchers. In [17], for agents of the first order, a heuristic
approach is proposed based on an analogy with the Vicsek model of the motion of
a group of particles on a plane. In [18], an adaptive procedure for constructing
control for each agent is proposed using only information from its neighbours in
the network topology. The consensus problem for a multi-agent system with high-
order linear dynamics and a fully decentralized consensus algorithm is proposed
in [19], which allows each agent to reach the consensus value using only a finite
number of steps of its past state information, but the solution is obtained under the
condition that the system has a time-invariant topology. A fully decentralized al-
gorithm that allows any agent to compute the consensus value of the whole net-
work in a finite time using only the minimal number of successive values of its
own history was proposed in [20], where was shown, that this minimal number of
steps is related to a Jordan block decomposition of the network dynamics. How-
ever, this minimum number of steps is related to graph theoretical notions that can
be directly computed from the Laplacian matrix of the graph and from the mini-
mum external equitable partition. Decentralized event-triggered finite-time con-
sensus control under a directed graph was investigated in [21], and an adaptive
law is designed to counteract the effect of uncertainties and external disturbances.
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The quality of consensus control in transients, which is especially important
in leader-following tracking problems, can be significantly improved using more
complex dynamic consensus protocols, in which control actions depend not only
on the current but also on previous deviations. As such control laws, multivariable
Proportional-Integral-Derivative (PID) controllers are widely used, which make it
possible to significantly improve the quality of consensus control in comparison
with static protocols.

Despite its well-known benefits, PID control is lightly addressed in the de-
centralized MAS control and they are mainly dealt with homogeneous MASs (see
e.g. [22] and references therein). For instance, a robust PID consensus control
strategy has been proposed in [23] for a system of linear high-order agents under
the restrictive assumption of an undirected communication graph. A PD protocol
is proposed in [24] to solve, instead, the problem of the average consensus under
a fast arbitrarily switching topology for the case of first-order nonlinear homoge-
neous MASs with Lipschitz dynamics. To solve the leader tracking for uncertain
high-order homogeneous MASs, robust PID protocols have been investigated
[25]. Nevertheless, practical applications of the networked MASs require hetero-
geneous models due to the presence of mismatches and differences among the
agents. In this context, only a few decentralized protocols aim to extend the PID-
control advantages to the heterogeneous MAS framework. In [26] it was investi-
gated the use of distributed PID actions to achieve consensus in networks of ho-
mogeneous and heterogeneous linear systems. The convergence of the strategy is
proven for both cases using appropriate state transformations and Lyapunov func-
tions. A multiplex proportional-integral approach for solving consensus problems
in networks with heterogeneous node dynamics affected by constant disturbances
was proposed in [27]. The proportional and integral actions are deployed on two
different layers across the network, each with its own topology. Sufficient condi-
tions for convergence are derived that depend upon the structure of the network,
the parameters and topologies characterizing the control layers, and the node dy-
namics. Fully-distributed PID control strategy was proposed in [28], whose stabil-
ity is analytically proven by exploiting the controller equations and the Static
Output Feedback procedure adapted to the MASs framework.

In this paper, the problem of decentralized PID controller design for leader-
following consensus control of networked heterogeneous MASs is considered
under the assumption that sharing information between agents is carried out via
switching communication topology. In this work, we use a distributed consensus
protocol in the form of local dynamic feedback with a PID controller using the
signal of deviation of local agent states from the weighted average states of its
neighbours, with which the agent exchanges information in the current period.
The synthesis of local PID controllers is based on the method of invariant ellip-
soids. To analyze the stability of closed-loop controlled local agents, as well as
the stability of the whole MAS, the second Lyapunov method and LMI technique
were used. This allowed us to reduce a local controller problem design to a prob-
lem of semidefinite programming to find the optimal gain values for each agent
by numerically solving the optimization problem. This, in turn, makes it possible
to simplify the solution in comparison with other well-known approaches, for ex-
ample, with the descriptor method [29].

In summary, the main features of the proposed approach and contributions of
the work are:
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e Within the framework of the principle of decentralized consensus control,
a method of local controllers’ design is proposed, which ensures the stability of
individually controlled agents and the networked multi-agent systems as a whole
under conditions of a switching communication network topology.

e Based on the sufficient conditions of local-controlled agents’ stability and
reaching consensus as well as leader-following tracking in LMI form, a computa-
tional procedure for optimizing the parameters of local controllers by solving a set
of semidefinite programming problems is proposed; while controller parameters
optimization is performed offline during the design phase.

o A decentralized optimal dynamic consensus control strategy with a recur-
rent form of the PID control law is proposed, which makes it possible to abandon
the construction of an extended model of a closed local agent, which is usually
used for discrete systems with PID controllers, which makes it possible to reduce
the optimization problem dimension.

e Availability of information about a finite set of topology variations of
connections between agents allows solving the problem of calculating the feed-
back gain matrix before the start of the control process. Thus, to determine the
control action at each step of the MAS operation from the resulting set of solu-
tions, the appropriate one is selected depending on which neighbours the agent
exchange information in the current step.

PROBLEM FORMULATION

Consider a MAS represented by a network of N agents as a set of multivariable
discrete-time linear dynamic systems, where each 7 -th agent is described by the
difference equation

x;(k+1)=4x;(k)+ Bu;(k), i=1,..,N, 1

where k=0,1,2,... is time instant; x;(k)eR", u;(k)eR" are state and control
vectors of i-th agent at time k; A4;, B; are constant matrices of appropriate di-
mensions such that the system (1) is controllable.

The connection topology of a networked MAS is described by an undirected
graph G=(V,E), where V ={l,..,N} is a set of nodes (i.e., agents), and
EcVxV is the set of edges. The presence of an edge (i,j) in the graph G
means that agents / and j exchange information. D =[d,;] is the adjacency ma-
trix of graph G and has dimension N x N .

Since the topology of the connections between agents can change during the
system dynamics, the graph G can switch at arbitrary time moments among a
finite set G;,G,,...,Gg , each of which is an undirected graph, containing a spanning

tree. This means that the graph G will have the form G, during a certain time in-
terval, then G o J il K}, and so on, moreover, switching occurs arbitrarily.

A set of agents achieves consensus if the agents’ states satisfy the consensus
condition

lim (3 (k) ~; (k) =0, 7. =1...N . )

The control law u;(k), hereafter the consensus protocol, solves the consen-
sus control problem if all agents achieve consensus under this control.
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We construct a distributed consensus protocol in the form of local feedback
to a PID controller using the signal of deviation of local agent states from the
weighted average states of its neighbours

N N k-1
u(k)=KpZ; Y 8;(k)(x;(k)—x;(k)+K,Z; > 8;(k)>.(x;()—x;(1)+
J=Llj#i J=l,j#i 1=0

N
+KpZ; 38 (k)((x; (k) = (k) = (x; (k = 1) =x ; (k = 1)), (3)
=L j#i
where X; = 1/27:1 iy s Kp K, Kp € R™" are the gain matrices of the pro-

portional, integral, and differential parts of the controller, respectively; 8, (k) is

binary variable, the value of which determines whether information about the
state of the j-th agent is available to the i -th agent at a time k :

6; (k) :{

The recurrent form of control law (3) is more convenient for practical im-
plementation, so the current value of the control action is determined by its previ-
ous value and the correction

0, agent i does not receiveinformation from agent j,

1, otherwise.

N
w; (k) =u;(k =1) + Ko, 2y 3 ddy; (k) (x; (k) = x (k) +

J=lj#

N
J=Lj#i

N
+ K2 D dy8 (k)(x; (k= 2) = x;(k —2)), (4)
j=1j#i
where K., K;;, K, e R™" are feedback coefficient matrices.

Introduce block matrix K; =[K,, K};, K,;] and the composite vectors
vy (k) = col{(x; (k) — x; (k)), (x;(k =1) —x;(k = 1)), (x;(k =2) —x;(k =2))}, i,j=
=1,...,N, j=i.Then, the consensus protocol (4) takes the form

N
ui(k)=u;(k=1)+ 2K 3 8;(k)vy (k). (%)
j=l,j#i
The control law for the agent, acting as the leader, differs from (5) by addi-

tion the deviation term between the leader’s state and the set point x”
0 () = uy (k) + Ko, (x;(k) =x7)

The model of a closed-loop local agent with the consensus protocol (5)
will take the form with one-step control lag

X (k+1)=(4ic + BK,)L; i%(k)v,-j(kﬁfli §:5g(k)xj(k)+3iui(k—1), (6)

J=lj# J=lj#
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where A4~ =[4;10,,, 10,,] is a block matrix, 0,,,, is the null matrix of the

corresponding dimension. For the agent that is a leader, equation (6) differs by

nxn nxm

presence of the term B;K (x;(k) — x*) .

For a linear closed-loop discrete MAS with local feedback described by
equation (6) under the conditions of an arbitrarily switching topology described
by a finite set of undirected connected graphs G;,G,,...,Gx , the problem of de-
centralized consensus control is considered. Such a problem is reduced to the
choice of feedback gain matrices K;,i=1,...,N that ensure the stabilization of

closed-loop local agents, the stability of the controlled MAS as a whole, as well
as the fulfilment of the consensus conditions (2).

CONSENSUS CONTROL DESIGN

The approach based on the second Lyapunov method, which allows us to obtain
sufficient stability conditions for closed-loop local subsystems, is used to calcu-
late the gain matrices of local controllers. The development of the theory of linear
matrix inequalities [30] makes it possible to apply a similar approach to the syn-
thesis of consensus control of multi-agent systems.

The main idea of linear feedback controller design using LMI is as follows.
The control goal is formulated as an inequality with respect to the quadratic
Lyapunov function built on the solutions of the closed-loop system. The resulting
inequality is reduced to the LMI form with respect to the unknown matrix of the
controller parameters. The specified constraints are also reduced to the LMI form.
A certain criterion of optimality is used and the corresponding convex optimiza-
tion problem is solved numerically, because of which the optimal parameters of
the controllers are determined.

The considered technique is implemented based on the invariant ellipsoid’s
method [31]. Consider the ellipsoid described by the equation

g;(0)={xeR": x (k)Q,x;(k) <1}, (7)

where 0< Q; e R™" is ellipsoid matrix; M >0 (M > 0) means that the matrix

M is positive (nonnegative) definite.

The ellipsoid (7) is called state invariant for the system (6) if any trajectory
of the system, having started in the ellipsoid, remains in it for any time moment
k>0.

The stabilization problem of system (6) comes down to calculating the block
matrices of feedback gain K;,i=1,...,N such that the consensus protocol (5)
provides minimization of ellipsoid (7) by some optimality criterion. We choose as
a criterion the length squares sum of the ellipsoid semiaxes which is equal to the
trace of its matrix Q.

Consider a quadratic function constructed from the solutions of the system (6)
Vi(k)=x! (k)Px;(k), 0<F =B eR™. ®)

It is well known that function (8) is a Lyapunov function for system (6) if the
conditions are fulfilled:
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(1) the function values are non-negative for any x;(k)#0;

(ii) the function values decrease monotonically over time.
If equality holds

0 =F" ©)
then the invariant ellipsoid (7) is the level set of Lyapunov function candidate (8).

It was shown in [38] that for a stable and controllable discrete-time
dynamical system, the solution of the minimization problem by some criterion of
quadratic Lyapunov function under the constraint specified by the Lyapunov
inequality, is achieved by the solution of the Lyapunov equation. Thus, such an
approach allows reducing the robust control design problems with respect to the
described class of system topology uncertainty, to solve the problem of
minimizing a linear function under constraints that can be represented in the form
of linear matrix inequalities, that is, to solve a semidefinite programming
problem.

The hypothesis on the basis of which the design problem of consensus con-
trol for MAS with switching topology in the presence of a leader is solved is that
for any version of the topology described by a finite set of undirected graphs
G,,G,,...,Gg , each of which contains a spanning tree, the statements of the fol-

lowing theorem are fulfilled.
Theorem. If for linear stable discrete-time system (6) matrices Q,-,

Yo;» Yi;» Yp; are obtained by solving the optimization problem

trace(Q;) — min (10)
subject to
i N-1 N-1 ]
O, 40, 40, ... 40, A, (AiQ +BY) ... Ay (AiQ +B;Y;)) B,

£ 0, Oy o Oy, Opsn o Oy Oy

FE 0, e O, Opsn oo Opay o

e w g, Opar o Opar Oy |T(D)

* o * 0,31 - 0,131 nxm

* ® % * % * * 0,3, (-
| % % % * * * * E mxm |

on matrix variables 0< Q;, e R™, Y, =[¥, ¥;, 1,1, ¥y, 1y;, Yo, € R™", where
Ay =28, Ao =[40; 10, 10,,], «» denotes the symmetric terms in then
inequality matrix, then:

(1) for any initial state x;(0) egi(Qi) closed-loop system (6) is asymptoti-
cally stable;

(i1) among all consensus protocols of the form (5), the protocol with gain
matrices
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Ky =Yy, 07", Ky=%,0"", Ky =1,,0"" (12)

delivers the minimum of the matrix trace criterion for the invariant ellipsoid (7) of
the closed-loop system (6) and hence guaranties the fulfillment of consensus con-
dition (2).

Proof. The first of the conditions, which are necessary for a candidate (8) to
be a Lyapunov function for the system (6), is satisfied due to the positive defi-

niteness of the matrix P, . Hence, the consensus protocol (5) should ensure that

the second property is satisfied.
We calculate the difference of the candidates in the Lyapunov function (8)
with respect to &k and require that the value of the function decrease over time

Vitk +1)=V;(k)=s] (k)M;s;(k)<0, (13)

where (k) = 0l {x; (k), ..., Xy (k) v;; (k) ..., voy (k) 1, (k = 1)} € R*VI 4

r N-1 N-1 1
T T T T T T
4 B —F 4 B4 4; B4 47 BA;Q; A BANQ; 4; FB;
T T T T T
* A; B A4; A7 P 4; 4; PiAijQi 4; BA NG, 4; BB,
* * * AiTPi 4; AiTP[Ag‘jQi A[TPiAiNQi Az‘TP[Bi >
- * * ok ok AQIPAQ; o AQIPAND, AQIPB,
* * k% * oo DQIPAND,  AQ]PB
* * * * * * AnQIPANQ; ANQ!PB;
* * * * * * * B.TP.B.
L 1 11
Qi = AIC + Bl-Kl- .

Inequality (13) is equivalent to the matrix inequality M;< 0. Let us repre-
sent the inequality matrix in the form

A'
47
T
AN Q;
L BIT i
N P, 0,x(4(N=1yn+m)
O (4(N=1yn+m)x(4(N=1)n-m)

Using the Schur complement [32], inequality takes the form
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N-1 N1
-1
~P A 4 o A4 A L A B
* _
Pi Onxn Onxn On><3n 0n><3n Onxm
% %
Onxn Onxn 0n><3n 0n><3n Onxm
- | =<o0.
* * % * —
Onxn On><3n 0n><3n Onxm
% % % % %
On><3n 0n><3n Onxm
* %k k * * %k *
On><3n Onxm
% % * % % * % * 0
L mxm _|

By multiplying the left and right parts of the inequality by —1, performing
substitution (9) and applying a congruent transformation to the inequality matrix
with blockdiag{/,,0;, ....0;,1,,}, where I, is identity matrix of the correspond-

%,—/
4(N-1)
ing dimension, we obtain the matrix inequality, which is nonlinear with respect to
the matrix variables O; and K;. We introduce matrix variables Y, = K, O;,
Y, =K,; 0, Y5, =K5,; O;. Whence, by virtue of Q; >0 the matrices K;, K;,
K,

; recovers uniquely in accordance with (12). Then, we finally obtain the linear

matrix inequality (11).

Thus, if there exist matrices O, ,Y,;,Y,;, Ys; » being a solution of the optimi-
zation problem (10) subject to (11), then (8) is a Lyapunov function for system
(6), and the consensus protocol (5) with matrices calculated in accordance with

(12), provides the fulfilment of stabilization (13) and consensus (2) conditions for
the system (6). The theorem is proved.

Remark. The optimization problem (10) subject to (11) is a semidefinite
programming problem that is solved numerically using freely distributed software
packages developed based on MATLAB, for example, cvx [33] or SeDuMi [34].

NUMERICAL EXAMPLE

As an example, we consider a linear discrete-time MAS of 6 homogeneous
agents, which was studied in [35] and solve the consensus control problem using
the proposed approach. We deliberately consider a homogeneous MAC to reduce
the amount of calculation.

During the system dynamics, the connection topology between agents
switches randomly among the set of options represented by connected graphs

Gi,...,Gs , as shown in Fig. 1. The reference set point x" is received externally at

the input of agent 1, which is a leader.
The dimensions of the agent model are n =2, m=1. The dynamics and con-

0 1 1
trol matrices are 4; ={0 95 O} , B =L} i=1...,6. All agents are Shur stable

and controllable. The initial states of the agents are chosen:
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x,(0) = col{50, 100} , x,(0) = col{30, — 60}, x3(0) = col{10, — 20},

x4(0) =col{-10, 20} , x5(0)=col{-30, 60}, x4(0)=col{-50,100} .

Fig. 1. The set of graphs describing the topology of connections in the MAS

We calculate the numerical solution of problem (10) subject to (11) for all
versions of the MAS topology, which is presented in Fig. 1. As a result, the
matrices of feedback gains, which determine the consensus protocol (5), were
calculated for all agents. The analysis of the obtained results allowed to conclude
that the hypothesis, put forward about the fulfilment of the statements of the
proved theorem for any version of topology, described by a finite set of connected
directed graphs, was experimentally confirmed, since the values of the local feed-
back matrices depend only on the number of neighbours with which the agent ex-
changes information in the current period.

For example, in a graph G, agents 2 and 6 are connected with two
neighbours, while agents 3, 4, and 5 are connected with three neighbours.
Therefore, we obtain K,(G)) = K4(G)), K3(Gy)=K,4(Gy)=Ks5(Gy). In a graph
G, ,agents 1, 2, 3 and 5 are connected with two neighbours, and only agent 4 — with
three neighbours. Accordingly, we obtain K;(G,) = K,(Gy) = K53(Gy) = K5(Gy) =
=K,(Gy), K4(G4)=K;5(G;) . Thus, for the considered network, we obtained:

Ky, =[-0,324 —0,558], K; =[-0,099 —0,206], K, =[-0,047 —0,057], (14)
K, =[-0,301 —0,480], K;; =[-0,023 —0,059], K,; =[0,031 —0,046],
K, =[-0,439 —0,762], K,; =[-0,019 —0,027], K,; =[~0,024 —0,041],
K, =[-0,634 —1,059], K; =[-0,012 —0,019], K,, =[-0,019 —0,037],

Ky =[-0,752 —1342], K,; =[-0,10 —0,017], K,; =[0,010 —0,026],(15)

where (14) corresponds to an agent exchanging information with one neighbour in
the network, and (15) — to an agent with five neighbours, respectively.

Thus, it is sufficient to solve the optimization problem (10) subject to (11)
for only one agent, sequentially changing the values of the binary variables &,
j=1..,N, j#i that determine the number of neighbours with which the agent
exchanges information, to calculate the values of the feedback matrices for all
possible cases: from having one neighbour before having (N —1) neighbours.
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The plots of the changes in the values of the first and second components of
the agent’s state vectors with fixed topology in the absence of setting action are
shown in Fig. 2. The simulation results provided that the variant of the connection
topology between agents at each step was chosen randomly among the versions
presented in Fig. 1, are shown in Fig. 3. Clearly in both experiments, all agents
achieve a consensus, but the consensus value in the second case differs from zero,

that is, there is a static error.
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Fig. 2. Values of agents’ states with fixed topology in the absence of setting action:
a — first components of state vectors; b — second components of state vectors
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Fig. 3. Values of agents’ states with switching topology in the absence of setting action:
a — first components of state vectors; b — second components of state vectors
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Fig. 3. Values of agents’ states with switching topology in the absence of setting action:
a — first components of state vectors; b— second components of state vectors. End

The simulation results of MAS with fixed topology, when the input of
agentl, which is a leader, is supplied with a constant setting action

x" =col{500, 500} , is shown in Fig. 4. Fig. 5 shows the results obtained for MAS
with switching topology in the presence of a reference setting.

Fig. 4. Values of agents’ states with fixed topology in the presence of setting action:
a — first components of state vectors; b — second components of state vectors
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Fig. 5. Values of agent’s states with switching topology in the presence of setting action:
a — first components of state vectors; b — second components of state vectors

The analysis of the obtained results makes it possible to conclude that the
consensus protocol (5) with the gain matrices calculated in accordance with the
proposed decentralized method, can achieve consensus in a finite number of steps for
any variant of the interconnection topology between agents from a given finite set.

CONCLUSIONS

The problem of decentralized consensus control of linear discrete-time multi-
agent systems with switching topology in the presence of a leader is solved in this
paper. A consensus protocol providing coordinating control is constructed in a
feedback form with a PID controller using the deviation signal of the local agent
state vector from the weighted average state vector of its neighbours. The discrete
PID controller equation is presented in a recurrent form. The sufficient conditions
for stabilization of the closed-loop local agent and the global consensus by con-
structing the quadratic Lyapunov function are obtained. Based on the invariant
ellipsoid’s method, the problem of local controller design is reduced to the prob-
lem of semidefinite programming, which is solved numerically. Analysis of the
obtained results allowed us to conclude that the values of the gain matrices of lo-
cal controllers depend on the number of neighbours with which the agent ex-
changes information in the current period. The significance of this study is to de-
velop a practically realizable method for solving the consensus control problem of
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discrete-time multi-agent systems with switching topology based on a decentral-
ized approach, which does not require using the graph Laplacian that describes
the connection topology between agents. The proposed approach may be further
expanded to solve the consensus control problems of multi-agent systems in the
presence of delays in measurements or in the process of information exchange
between agents.
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CHUHTE3 JEHNEHTPAJII3OBAHOT'O KOHCEHCYCHOI'O KEPYBAHHA
JJsd MYJIBTUATEHTHUX JUCKPETHUX CUCTEM 3 KOMYTAI.IIﬁHOIO
TOMHNOJIOTTEIO 3A HASABHOCTI JIJEPA / IO0.1. [dopodees, JIL.M. Jlro6uuk,
M.M. Maisbko

AHoTanisi. PO3rIsiHYTO 3aa4y KOHCEHCYCHOTO KEpyBaHHs JiHIHHUMH MYJIbTHATCHT-
HUMH quckpeTHuMH cucteMamu (MAC) 3 KOMyTalifHOIO TOTIOJIOTIEI0 38 HAassBHOCTI
ninepa. MeTa KOHCEHCYCHOTO KEpYBaHHS IIOJISITa€ y 3BEIEHHI CTAaHIB yCiX areHTIB
IO CTaHy Jijepa 3 OJHOYACHHM 3a0C3IIEUCHHSIM CTIHKOCTI JIOKAIbHUX arcHTiB, a Ta-
koxxk MAC y ninomy. Ha BigMiHy BiJ TpaauIiiHOTO MiIXO.y, SKHH BUKOPUCTOBYE
KOHIICTIII}0 PO3LIMPEHOT JMHAMIYHOT MOJIel MyJIbTHareHTHOI CHCTEMH Ta Jiariaci-
aH rpady KOMyHiKaliiiHOT TOMOJIOTI1, 3aIPOIIOHOBAHO Ii/IXiJl HA OCHOBI JEKOMIIO3H-
uii, skuil nepegdavyae He3aJeKHE MPOEKTYBAHHS JIOKAIBHUX PETyJIATOPIB. 3aKOH
KepyBaHHS BUOMPAETHCS Y BUIIIA PO3MOAIICHOIO 3BOPOTHOTO 3B’ 3Ky 3 JIMCKPET-
aumH [1I/{-perynsaropamu. 3agady cHHTE3y JOKAIBHHX PETYISATOPIB 32 JOIOMOT OO
METO/y 1HBapiaHTHHX EJIICOiNiB 3BeACHO N0 HAabOpy 3a7ay HaIliBBU3HAUCHOTO MPO-
rpamyBaHHs. JlocTaTHi yMOBH craOimizamii areHTiB Ta JOCSATHEHHS ITI00aNbHOTO
KOHCEHCYCY OTPHMAHO 32 JIONOMOTOI0 TeXHIKH JIHIHHNX MaTpHYHHUX HEPiBHOCTEH.
HasBHicTs iH(popMarii Ipo KiHIEBUI Ha0ip MOXKIUBHX KOH(Iryparii 3B’s3KiB Mix
areHTaMy ZI03BOJISIE CHHTE3YBaTH JIOKAJIbHI PEryJsITOPH B aBTOHOMHOMY PEXHMIi Ha
eTani npoextyBaHHs1. EQexTHBHICTh 3aIpOIIOHOBAHOIO MiAXO0AY MTPOJEMOHCTPOBAHO
3a JJOIIOMOT'OI0 YHCIIOBOTO IIPUKIIATY.

KunrodoBi ciioBa: MyJbTHareHTHa CHCTEMa, KOHCEHCYCHE KepyBaHHS, KOMyTalliliHa
tonosoris, 1/ peryisrop, MeTon iHBapiaHTHUX €NINCOINIB, JIHIHA MaTpUYHA He-
PIBHICTb, 3371a4a HaiBBU3HAYCHOTO [IPOrPaMyBaHHSI.
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