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Abstract—Stability of large-scale systems has been commonly
achieved using centralized and decentralized control configu-
rations. Several graph theoretic protocols have recently been
developed for the distributed stabilization of partially unknown
interconnected multiagent systems, when an upper bound on
the unknown interconnection allocation matrices is provided to
the control designer. The need for such an upper bound can
be relaxed using adaptive control ideas. However, due to the
inaccurate parameter estimation in the absence of the persistency
of excitation for all agents’ regressors, the use of traditional
adaptive control ideas will only ensure the boundedness of all tra-
jectories. We develop a data-assisted distributed protocol which
operates under a new condition, collective finite excitation, in
order to overcome this challenge. Despite the completely unknown
interconnection allocation matrices, we prove the exponential
estimation of all interconnection matrices and exponential con-
vergence of all state trajectories of the interconnected multiagent
systems to the origin.

Keywords-Distributed Control; Decoupling Control; Finite Ex-
citation; Interconnected Systems; Multiagent Systems.

I. INTRODUCTION

Along the advances in low-cost, low-dimension embedded
sensing, computation, and communication systems, graph the-
oretic approaches have received significant attention in the con-
sensus of Multi Agent Systems (MASs). Initial studies focused
on the simple integrators or completely known agents [1].
Recently, the consensus for MASs with completely known
interconnections among agent dynamics [2] and local or agent-
level modeling uncertainties ([3] and [4]) has also been studied.
In particular, [4] discusses that the consensus on zero is a
nontrivial problem for MASs with modeling uncertainties.

Parallel to these efforts, the concept of multilayer control
using graph theoretic approaches was proposed [5]. Egerst-
edt [6] considered the use of graph theory to capture the
architectural aspect of cyber-physical systems for a completely
known MAS of interconnected integrator agents. However,
based on [7], we know that the cyber and physical layers of
cyber-physical systems might be subject to various abnormal-
ities.

With a focus on the modeling uncertainties over the phys-
ical (agent) layer, [8] proposed a graph theoretic decoupling
framework in order to stabilize an interconnected MAS subject
to the nonlinear modeling uncertainties. However, that result is
based on the locally (interconnection-free) stable agents, and
the control layer topology is identical to the completely known
agent layer topology. Rezaei and Stefanovic [9] reformulated
the solution approach in order to capture the architectural
aspect of cyber-physical systems, yet the result was limited
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to a special agent layer interconnection topology. This issue
was addressed in [10], however, it was based on a symmetric
control layer topology. Rezaei et al. [11] designed several
structurally nonsymmetric control layers for interconnected
single and double integrator agents, and [12] developed two
design procedures to build structurally nonsymmetric control
layers for interconnected MASs subject to both matched and
unmatched nonlinear modeling uncertainties. Nevertheless, all
of these robust formulations require the knowledge about an
upper bound on the norms of the unknown terms, and may
end in a level of inherent conservatism (see section 4 in [12]).

Adaptive control ideas provide an appropriate framework to
handle a wider range of modeling uncertainties in dynamical
systems including networked systems. While the traditional
adaptive control methods have been reported in several studies
(e.g., see [13] for synchronization and [14] for consensus in
MAS:s), the need for the Persistency of Excitation (PE) [15]
might be problematic when the control signal depends on the
estimation of the unknown parameters [16]. This might be
serious challenge when dealing with an MAS. This is because
the poor transient performance of each non-PE agent can easily
propagate via the (networked) distributed controller which,
consequently, degrades the performance of the entire MAS.

Motivated by the aforementioned observations, [17] pro-
posed a cooperative PE condition to be satisfied by a group of
agents (vs. each individual agent of an MAS). However, similar
to the conventional PE condition, that cooperative PE condition
must be satisfied in all (future) time windows. Yuan et al. [18]
reported a cooperative Finite Excitation (FE) condition for the
adaptive consensus in non-interconnected MASs. Further, [19]
designed a cooperative FE condition for the stabilization of
interconnected MASs. That method is based on a series of
low-pass filtered signals and the control layer is symmetric.
(See [19] for a more comprehensive survey of the literature.)

As discussed in [12], the use of an adaptive decoupling
approach may reduce the conservatism that inherently comes
with any robust control techniques. Therefore, motivated by
the findings in [19] and inspired by [20] (for single dynamical
systems), we develop a new data-assisted distributed protocol
to stabilize a class of linear time-invariant interconnected
MASs subject to the matched modeling uncertainties. The
control layer is built by two sublayers: A decoupling sublayer
to cancel the effect of the interconnections, and a cooperation
layer to stabilize the interconnected MAS even when the non-
interconnected agents are unstable or to shape the closed-loop
time response. The new data-assisted approach relies on the
use of a few data collection matrices to satisfy a collective
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FE condition which enables us to potentially improve the
performance of the multilayer interconnected MAS using an
appropriate criterion from the literature of matrix algebra.
We theoretically prove that, under the proposed collective
FE condition, all estimated interconnection allocation matrices
exponentially converge to their actual values and, similarly,
all state trajectories of the multilayer interconnected MAS
converge to the origin. We also characterize the boundedness
of all trajectories during the transient time.

We overview the required notation and definitions in Sec-
tion II, provide the main theoretical developments in Sec-
tion III, and summarize the paper in Section IV.

II. NOTATION AND DEFINITIONS

A - B (i) means A — B is a positive (semi) definite matrix.
0 denotes a matrix of all zeros, diag{.} a (block) diagonal
matrix of the scalars (matrices) in {.}, col{x;} an aggregated
column vector, ||.|| the (induced) 2-norm of a vector (matrix),
and vec(A) € R™ is a vectorization of A € R™*",

We consider three graph topologies: ¢, to represent the
physical interaction of agents’ dynamics over the agent layer,
¢, a communication topology to compensate for the effect
of interconnections on agents’ dynamics using a data-assisted
strategy over a decoupling layer, and ¢, a communication
topology for the controllers’ communication over a cooperation
layer. We allow the existence of selfloops over all layers where,
by a selfloop, we refer to an edge outgoing from and returning
to the same node without passing though any other nodes.
Since the standard definitions of adjacency and Laplacian
matrices do not admit selfloops [21], we redefine them in the
rest of this section.

An agent layer digraph ¢, with N nodes is characterized
by an adjacency matrix o7, = [af;] € RV*N where af; # 0
if the /" agent is affected by the j* agent’s dynamics for
i,j€{1,2,..,N}, and a?]- = 0 otherwise. Unlike the standard
definition, j = i is acceptable and each a;‘j is a real valued
scalar with either positive or negative sign. .4/ represents the
set of i’* agent’s neighbors over ¢, which may include the
number i as well (selfloop). We introduce ., as the set of
nodes affected by some neighbor agents over the agent layer
(including themselves through the selfloops).

The control layer is divided into two separate (sub-) graphs
with N nodes: ¢, and ¥,;. We do not discuss the communi-
cation topology ¥, for the data-assisted decoupling control,
because it is the same as ¢,. A cooperation layer digraph ¥,
with N nodes is characterized by a modified Laplacian matrix
=L+ S e RVN £ c RV*N s a standard Laplacian
matrix for a digraph ¢/, with non-negative edge weights aj;,
to be obtained by removing all selfloops from %.: .Z = —aj.
L =Yje e afj, and 4/¢ characterizes the i"" agent’s (con-
troller) neighbors over ¢.. Also, .7, = diag{s¢} € RV is a
diagonal matrix to represent selfloops: s¢ > 0 when there is a
selfloop around the i'" controller, and s¢ =0 otherwise. These
selfloops and directed one-way communications between the

control nodes create a structurally nonsymmetric control layer.

A typical three-layer (closed-loop) interconnected MAS
is depicted in Figure 1. Both ¥, (thus, ¥,;) and ¥, can be
disconnected; however, all control nodes in each connected
component of ¢, must have access (direct path) to at least one
node with a selfloop.
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Figure 1. Example of a closed-loop distributed stabilization
framework with separate agent and control layers. Top two
layers form the control layer. Legend: a; are agent nodes, c;
are fixed-gain cooperation nodes, d; are data-collection (data-
assisted control) nodes.

III. MAIN RESULTS
A. Problem statement

We consider a MAS of N agents with the following
interconnected dynamics:

%i(1) = Axi(t) + B(ui(t) + G Y, afyx;(t)) M
jee

where x; € R denotes the i agent’s state variable, u; € R™
control input, A € R™*" and B € R™*"™ gystem matrices,
C; € R™*" jnterconnection matrix, and A7¢ the set of ih
agent’s neighbors over the agent (or physical) layer graph
%,. We assume the pair (A,B) is stabilizable and the control
allocation matrix B is full column rank (This stabilizability
assumption is milder than the associated controllability one
and, according to assumption 3.1.2 in [22], is required in order
to have a solvable problem). For all affected agents i € .7,
the interconnection matrices C; are completely unknown to the
control layer designer which means the fixed-gain distributed
stabilization ideas of [10] and [11] are no longer applicable
for the distributed stabilization problem of this paper:

limxi(t) =0 Vie{1,2,...N} )

which must be achieved (exponentially) by all agents.

B. Design foundation

We propose a distributed stabilization protocol with two
components:

ui(t) = uei(t) +ugi(t)  Vie{l,2,..,N} 3)

where u.; € R"™ denotes the i agent’s cooperation input

signal over a cooperation layer ¢,, to be developed in Subsec-

tion III-C, and uy; € R™ data-assisted decoupling signal over

a decoupling layer ¢; whose topology is indeed the same as
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%,, to be designed in Subsection III-D. Note that uy; = 0 if
i ¢ .7,. We rewrite the agent model (1) as follows:

Xi =Ax; + B(uci + udi) +B Z a?j (Inu ®X;) 07 4
jes

where 67 = vec(C!') € R™" denote the unknown constant
parameters for all i € .,. We propose the following fixed-gain
cooperation and data-assisted decoupling protocols:

i :K(ZjeM[.afj(x,-ij) +s;‘x,-> Vie {1,2,..,N}
ugi = —Yjeneaf;(ln, ©x7)6; Vi€ Za

in which 6;(t) = vec(CT (t)) € R"" denote the data-assisted
time-varying estimates of the unknown constant parameters 6/,
and C;(r) the estimated matrices of C; in (1) for all i € .7,.
Accordingly, in addition to the main objective (2), we must
address a side objective for the exact parameter estimation to
be used in uy; of (5). We re-state the control objectives as
follows:

&)

tlLrg xi(t)=0 and tlgrglo 6i(tr) = 6; (6)

To facilitate the theoretical derivations of this paper, we
go one step further and find the dynamics of the closed-loop
agents (4) with the cooperation and decoupling protocols (5):

% =Axi+BY je_ya (In, @] ) 6}
+BK(ZjeLM‘ afj(xi—xj)—i—sfxi) 7
—BYje xe afj (Inu ®x3~") 6;

to model all agent layer (first row), cooperation layer (sec-
ond row), and data-assisted decoupling layer (third row). We
further partition this multilayer interconnected MAS:
Xi=Axi  +BK(¥jc neaf;(xi—x;) +sixi)
Ay a T\ 3. ®)
BY je xe aj; (In“ ®x; )6,

where 6;(t) = 6;(t) — 6 represents the the i agent’s parameter
estimation error.

Remark 1: (Cyber-physical systems) We note that (7) rep-
resents a three-layer interconnected MAS with a data-assited
control layer ¢, whose topology is identical to the agent layer
topology ¢,, and a cooperation layer ¢, whose topology can
be completely different from the agent layer topology ¥,.
This framework enables us to distinguish the cyber (commu-
nication) malfunctions from the abnormalities of the physical
components.

Definition 1: (Collective FE) A collection of bounded sig-
nals x; € R", j € 4% satisfies the collective finite excita-
tion (FE) condition if there exist finite scalars np; € NT, >0
and #f >0 for [ € {1,2,...,np;}, and % > 0 such that:

npi etf tf
y / Y af(t)de / Y il (0)dt > yly, > 0

—J 15 :
=171 jes rojese

where np; denotes the number of possibly discontinuous inte-
gration intervals based on the data collected by the i agent.
Also, 7 > 0 and ¢/ > 1] refer to the finite start and end points

of the I'" integration time interval, respectively.

Remark 2: (Collective FE vs. PE, FE, and collective PE)
The exact parameter convergence condition in (6) plays a key
role in relaxing the need for an upper-bound on unknown
parameters of the interconnected MAS (vs. [10] and [11]). This
requires a persistency of excitation (PE) condition [15] to be
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satisfied by all regressors across the interconnected MAS. A
bounded signal x; € R" satisfies a PE condition, if there exist
constant scalars Tj,y; > 0 such that the f,HTj Xj(‘L')x]T(T)dT >
Yiln, > 0 holds for all x; # 0 and for all + > 0. We consider

the following modified PE condition which is comparable to
Definition 1:

't+T; t+T; T
/ xj(r)dr/ x; (7)dT > Yiln, >0
t t

Using this modified definition, we note that a bounded signal
x; € R, je A9 satisfies an FE condition, if there exist finite
scalars np; € N, #f >0and tf >0 forl € {1,2,...,np;}, ¥; >0,
such that the following inequality holds:

npj

1 1
Z/l xj(r)dr/l X5 (1)dT > yjl,, > 0
=171 1

where np; denotes the number of possibly discontinuous
integration intervals for the j* agent. We find that a collection
of bounded signals x; € R" for all j € 4] 4 satisfies a collective
(modified) PE condition, if there exist constant scalars 7;, % > 0
such that the following inequality holds for all # > 0:

t+T; a
/ Z aijxj(’c)dr/
t ]6/1{” t

C. Fixed-gain cooperation protocol

Now, we focus on the cooperation protocol u.; in (5). We
rewrite the fixed part of (8) as follows:

t+7;
Y alxl(v)de >yl > 0.

X = Ax; + KBv; + BK (L je s af;(xi —x;) + (sf = K)xi) (9

where kK > 0 is a design scalar to be discussed in Design
Procedure 1, and v; = Kx; is a virtual (decoupled) control signal
with the same gain K as in the actual (coupled) cooperation
protocol u.; in (5). We name the first two terms a “networked
nominal dynamics” and the third term a “fictitious modeling
uncertainty,” and proceed with a set of decoupled dynamics:

H(t) = Axi(t) + kBVi(t) vie{l,2,...,N} (10

which, indeed, are the same as the networked nominal dynam-
ics in (9) with the new variables x; € R™ and v(t) = Kx/(t) €
R"™. Note that (10) is a stabilizable system because (A,B)
represents stabilizable dynamics (by assumption) and k > 0.
For the design purpose, we recommend using a sufficiently
large x to avoid any singularity (poor controllability) in solving
the design problem of this subsection. It can be easily done
noting the fact that, unlike the agent layer interconnection
topology ¥,, the cooperation communication topology .
(thus, J# and x) is a design degree of freedom.

Let %,; be the set of all admissible, static linear state
feedback, stabilizing signals v, for the networked nominal
dynamics (10). The following fact holds for any valid control
layer topology ¥, as defined in Section II.

Fact 1: [23] There exists a positive definite matrix A =
diag{5;} € R¥*N such that A+ T A = 0, where & = % >
0 with col{8"} = ()" 1y and col{8} = "1y,

Design Procedure 1: The candidate ¢, and K of the dis-
tributed cooperation protocol (5) are designed as follows:

1) Choose a nonsymmetric control layer topology ¥.
with 7 as its modified Laplacian matrix. Let ¥ > 0
be a real-valued scalar such that A7 + ijTA =2KA.
Let the state weighting matrix W, € R"™*" and the
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control input weighting matrix W, € R™*"™ be posi-
tive definite design matrices.

2)  Find the solution v; = Kx] of the following Linear
Quadratic Regulator (LQR) problem. Then, K gives
a candidate stabilization gain to be used in the coop-
eration protocol u; in (5).

V(x(0) = vpel}?l} I T ()Wl (7) + VT (2)Wyvi(T))d T

subject to (10)

This design procedure for structurally nonsymmetric con-
trol layer is modified from [12] such that, now, the state
weighting matrix W, of the LQR problem is chosen completely
arbitrary. We note that the candidate stabilization gain K is
characterized as follows [24]:

K=—xW, 'BTP (11)

in which the positive definite matrix P € R™*"x is the unique
stabilizing solution of the Algebraic Riccati Equation (ARE):

ATP+PA+W,—x*PBW, 'BTP=0 (12)

The existence and uniqueness of P follow from the stabiliz-
ability and observability of (le/ ? A, KB]).
We use (11) and (12), and find the following equalities:
A® (ATP+PA+W,—k>PBW, 'BTP)= 0 (13)
AR (K+xW, 'BTP)= 0

Fact 2: The following MAS-level equalities hold in an
MAS of networked nominal dynamics and the candidate gains
K and G of Design Procedure 1:

AW+ vIWv+ VT (Ax+xBv) = 0

2TW, +xkVIB= 0

where x= [xlT,xg, o xi] T v=col{v;} =Kx= (Iy®K)x, VI =

ax ,V=xT(A®P)x, W, = A®W,, and W, = A@W,. (See [24]
for single dynamical systems.)

(14)

Remark 3: The results of this section remain valid if we
use a symmetric cooperation layer. In particular, JZ. is a
(symmetric) positive definite modified Laplacian matrix with
strictly positive eigenvalues to be sorted as 0 < o1 < e <
.. < Uen [10]. Then, Fact 1 holds with A = Iy. Further, Step 1
of Design Procedure 1 is satisfied with K = ;.

D. Data-assisted decoupling protocol

We start the design of uy in (5) for agents i € ., by
choosing an integration window length &¢; > 0 for each i € .7,
and integrating both sides of (4) from ¢ — 81; to ¢ as follows:

Agi(t) = x,‘(l‘) —x,‘(l‘ — 5t,‘) — Sg,‘(t) = BRg,‘(t)Qi* (15)

[P

where the subscript “g” distinguishes the integrated variables
from the non-integrated ones, and the system-related signals
sei € R™ and regressor-related matrices Ry € R™™"™ are
deﬁned as follows for i € .7, :

5git) = Axgi(t) +Bugi(t) and  Rgi(t)= Y af(Iy, ®x%;(1))
jemu
3 t
Xoi(t) = x;(t)dt and u<t:/ u;(t)dt
(1) /max(t—&la,O) i(7) (1) max(t—8%,0) (7
We define data-collection matrices D; € R/
npi
i (np;) ZR (t1)B" BRyi(1;) (16)
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to be updated at the time #,,, of agent i if it is an “acceptable”
excitation sample instance np;. This is defined as the sample
np; € [0,n] that results in the following inequality:

Amin (Di(npi)) > Ain (Di(npi — 1)) a7

when n € NT increases in time, as the integration window
moves forward.

For each agent i € ., we use (15)-(17) and propose the
following update rule for the unknown parameter estimation:

(1) =T; (R,T (OBTPx; i (Di(ta,)6i(0)

npi pT T (18)
— X RE(1)BT Agi(n)) )
where R; = ¥ jc yaaf; (I,,u ®x] ), and T; € R and
are two design sets of posmve definite matrices and positive
scalars, respectively, and 1, is the time associated to the
sample instance np;.

The update law (18) can be rewritten as 0:(t) =
LURY (t)BT Px; — ypiliDi(tyy,; ) 0i(¢) which justifies the selection
of the criterion (17) to characterize an acceptable excitation
time. While the first part is similar to the traditional adaptive
control laws, the second is a data-assisted one to obviate the
need for the PE condition in parameter estimation.

Assumption 1: For each agent i € .7, there exists a finite
np; € NT such that the collective FE condition in Definition 1
is gradually satisfied over a finite time interval [£5/%"1].

The emphasis of the above assumption is on the existence
of a “finite” time interval rather than its start point. Thus, while
ty; is chosen as noted below, the start point tjf“’ " can be any
number equal to or greater than zero. Indeed, a 5/ > 0 may
refer to the time when an external probing signal is turned on

in order to sufficiently excite the i’* agent.

E. Theoretical analysis

We follow similar steps as those of [19] for the analyses
of this subsection.

Properties 1: The data-collection matrix (16) has the fol-
lowing guaranteed properties for all i € .7:

1) D,-(nDi) =0 for all + > 0,
2)  Di(np;) > 0 for all r > t; where t; > 0t;
3)  Auin (D,(n;)) > Aonin (D,-(nDi)) using each new sample
n: > np;.
Proof: To prove the first property, we note that for
any vector z € R™™, 2" Di(np;)z =Y " R}, (1/)B" BRy;(t)z =
Y2, |IBRgi(t;)z||* > 0 which means elther Dj(np;) or each

new arrlved matrix RY;(11)B" BR,i(1;) is a positive semidefinite
matrix, even if the collective FE condition is not satisfied.

Regarding the second property, we start with

npi npi

i(npi) ZR (t/)B" BRyi(t;) > Amin(B" B) Y Ry;(11)Ryi(1)
=1

where A, ;BTB ) > 0 because B is a full column rank matrix,
and Y% R;(11)Rgi(1r) is equal to

npi 1 ty
Inl,®): /t ¥ dlndr / Y il (t)dt
1 lJ

—_ot: 'E'/Ka 1—0t; jE'/V”
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which, when the collective FE Assumption 1 is satisfied, means
?Dll R (tl)Rg,'(tl) = 0.

The third property is guaranteed by the definition of
acceptable excitation time (17) which acts as a criterion to
decide whether we should consider new data in the update
law (18) or not. Therefore, the proof is immediate. We note
that at least one update exists for each data collection matrix if
the collective FE conditional is met. This is because we start
from D; = 0 and D;(np;) = 0 when the i’ agent is sufficiently
and collectively excited at time #;. [ |

To facilitate the analysis of the main theorem, we aggregate
the cooperation signal u.; of (5), and find

ue = (A K)x

where u, = col{uy;} for all i € {1,2,...,N}, and 5 is the
modified Laplacian matrix associated to the nonsymmetric co-
operation layer ¢.. We further find the following representation
of the three-layer (closed-loop) interconnected MAS:

% = Ax+ kBv + xBE.v+ Bu, + BC.o,x (19)

where E. = (% —Iy) ®1y,), = @1y, C = diag{C;},
and u, = col{uu,’jL forallie {1 2,...,N} (ifi ¢ .7,, we consider
zero for the associated interconnection allocation matrix C; and
data-assisted decoupling signal ug;). We also define:

1

Qp(t) =T (1) Px(t) + g 16()]? (20)
P — min %7zyz;""xmm(r)zm,-n(D(nD») @1

where 6 = 0017{9,-} and T" = diag{I3} for all i € ./, and
Wik = Wy + K'W,K = 0, v = mini{yp;} Vi € 4, and
Aanin(D(np)) = min;{ Apnin (Di(np;)) }-

Theorem 1: In a closed-loop interconnected MAS of
agents (1), the two-layer data-assisted distributed stabilization
protocol (3) and (5), and the update rule (18), the following is
guaranteed under the collective FE Assumption 1:

1)  All trajectories x;(t) and 6;(¢) are bounded V¢ > 0,

2)  All trajectories x;(¢) and 6;(¢) exponentially converge
to the origin for t > #; = max;{t,;} where t; are
defined in Assumption 1,

3)  All trajectories x;(r) and 6;(¢) are upper-bounded as
in (22) and (23), respectively, where Q(z;) < Q,(0).

T Q4 (0) VO<t<t
Tonin(P) =0 ) > s
)l < § V2 22)
B o SR V> 1
~ Anax(0)€25(0), VO <t <t
Hei([)H < poli—t) (23)
V Amac(D) exp=Polt=) @4 1,), Vit > 1,

Proof: Step 1) We propose a Lyapunov function:

)+ Y 6/T7'6;-0
S

Qx,0) =

where V(x) = x” Px was introduced in Fact 2 and 7 = 0 in
the update law (18). Along the unknown trajectories of the
three-layer interconnected MAS (19), we find:

O=V+2 Y §/r7'6,=Vi+2 Y 6716,
€., i€,
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The first part of Q results in the following inequality:
VIx=VTI(Ax+ kBv) + V] BE.v — VI BCo,x

in which ¢ = ¢ —C, € = diag{C;}, and C = diag{C;}. Us-
ing the second equality in Fact 2, we know xV!BE.v =
T (At HTA
27 ((3557<= —A) ®W,)v < 0 where the negative semi
definiteness is immediate by definition of k¥ and W, in Step 1,
Design Procedure 1.
Using v = —kW, !B Px and W,x = Iy ® Wik, and based
on the second equality in Fact 2:

- _ _ 2 o~ -
V< —xTWex — v Wy + TCVTWVCQ%X
< —x"Wx—2 Z xiTPBCN',- Z a?jxj-
e, jene
< —xIWygx—2 Y x! PB Y, ai(, ®x]T-)é,~
i€, JEN
< —xIWygx—2 ) 6! Y aj;(In, ®x;)BT Px;
i€, JEAN

The second part of Q leads to the following inequality:

2Y §/'r! 6; =2 Y 6" Y i, ®x;)B" Px;
€., €., JEAN
2 Y wi6/ Di(np)6;
i€

Consequently, for the candidate Lyapunov function and closed-
loop trajectories, we find

Q< —xTWygx—2 Z ?’Dz6 Di(tny,)0; < 0
i€,

where the negative semidefiniteness is concluded because
Dj(np;) »= 0 for all + > 0 (see the first item in Properties 1).
Thus, all state trajectories and estimated parameter values
remain bounded even in the transient time, when collective
FE Assumption 1 is not satisfied [25]. (See Step 3 for the
transient bounds.)

Step 2: When t > ¢, the latter inequality on Q can be rewritten
as follows:

o A}'m’n(vv)cl() Ar—1A4
Q<2 Ky ) 2 Y GT16,
Anartp) W20 Y

where ¢ = Y2 Ayin (T) Ain(D(np)) > 0 because D;(np;) = 0
for all r > ¢, (see the second item in Properties 1). In fact, we
know that the minimum A, (D;(np;)) of each agent i occurs
when at time #;; when it has been just sufficiently excited, and
the future updates will either keep it constant or increase it
(see the third item in Properties 1). Using the definition of
Pw > 0, given prior to the main statement of this theorem, we
find Q < —Pw€2 which, based on the comparlson lemma [25],
indicates Q() < exp ~pali- 5)Q(1;) where Q(r) £ Q(x(1),6(1)).
Thus, we find lim;_,., Q(z) = 0 which implies that all state and
estimation error trajectories of the multilayer interconnected
MAS exponentially converge to the origin ((6)).

Step 3) The Lyapunov function Q of this theorem satisfies

ﬁmin(l’)IIX(t)H2 < V(t) <Q(1)

2 - T(s
i ()HG )|l l;ﬂe ;(1) < Q1)
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where = col{6;} for i € .7,. Thus,
and [|0(t)|| < \/Amax(D)Q(2).

Based on the first step of this proof, Q < 0 holds for all
time including 0 <t <t,. Thus,

Q1) <Q0)=V(0)+ Y 67 (0)I;'6:(0) < @,(0)
i€,

Ol < \/ 7

where Q,(0) can be found from (20). Consequently, for all
0<r<t:

lmin (P )

] 2
[lx(2)]|< \/1 (xT(O)Px(()) 4 %)

i _ 2
16(r)]< \/zm(r) (xT(O)Px(O) + m)

Based on the second step of this proof, we know
Q@) < exp’p“’(”mQ(ts) holds for all ¢ > #. Thus,
Q) < eXp’Pw(’*m (xT(ls)Px(IS) + Yies, GiT(ts)Fi_IGi(ts))

< exp Pol=5)Qu(r,) where Qp(t,) can be found
from (20). For all ¢t > ¢, we have |[x(z)] <
—pa (t—ts) 5 0(1,)|)? A
\/%(ﬂ(tgpx(zs)+%) and  [0(0)] <
Amax(T) exp—Polr—1s) (xT (1) Px(ty) + %) Recalling

that ||x;]| < |jx|| and ||6;|| < ||@]|, the bounds in (22) and (23)
can be derived. It is also evident that Q(z;) < ©;(0) based
on the first step of this proof. Thus, these inequalities can be
further upper-bounded using Q,(0) instead of Qp (). [ |

IV. CONCLUDING REMARKS

We develop a distributed protocol to guarantee the expo-
nential convergence of state trajectories to the origin in an in-
terconnected MAS with completely unknown interconnection
allocation matrices. A nonsymmetric cooperation layer whose
topology is completely independent of the agent and data-
assisted decoupling layer is designed using a matrix algebraic
approach. A data-assisted decoupling protocol compensates for
the effect of unknown interconnections among agents’ dynam-
ics. A new finite excitation condition is proposed to relax the
need for either persistency of excitation or the excitation of all
agents in the interconnected multiagent system. We prove that
all interconnection matrices are exponentially estimated under
the proposed collective FE condition. Consequently, exponen-
tial convergence of the state trajectories of the interconnected
multiagent system to the origin is also guaranteed. Extension
of the collective FE-based idea to the output feedback problem
is an interesting future topic [26].

REFERENCES

[11 R. Olfati-Saber, J. A. Fax, and R. Murray, “Consensus and Cooperation
in Networked Multiagent Systems,” Proc.of IEEE, 95(1):215-233, 2007.

[2] K-K. Oh, K. Moore, and H-S. Ahn, “Disturbance Attenuation in a
Consensus Network of Identical Linear Systems: An H. Approach”,
IEEE Trans. on Automatic Control, 59(8):2164-2169, 2014.

[3]1 X. Ai, J. Yu, Z. Jia, Y. Shen, P. Ma, and D. Yang, “Adaptive Robust
Consensus Tracking for Nonlinear Second-Order Multi-Agent Systems
with Heterogeneous Uncertainties,” Int. Journal of Robust and Nonlin-
ear Control 27:5082-5096, 2017.

[4] V. Rezaei and M. Stefanovic, “Distributed optimal leaderless consensus
of linear multiagent systems with polynomial state space models” IEEE
Conf. on Control Applications (CCA), Buenos Aires, Argentina, 2016.

Copyright (c) IARIA, 2020. ISBN: 978-1-61208-787-0

(5]

(6]

(71

(8]

(91

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]
[22]
[23]
[24]

[25]
[26]

C. Rieger, K. Moore, and K. Baldwin, “Resilient Control Systems:
A Multi-Agent Dynamic Systems Perspective,” Int. Conf. on Elec-
tro/Information Technology, USA, 2013.

M. Egerstedt, “From Algorithms to Architectures in Cyber-Physical
Networks,” Cyber-Physical Systems, 1(2-4):67-75, 2015.

A. Cardenas, S. Amin, and S. Sastry, “Research Challenges for the
Security of Control Systems,” 3rd Workshop on Hot Topics in Security,
USA, 2008.

V. Rezaei and M. Stefanovic, “Distributed Decoupling of Linear Multia-
gent Systems with Interconnected Nonlinear Uncertainties” IEEE Conf.
on Decision and Control, USA, 2016.

V. Rezaei and M. Stefanovic, “Distributed Decoupling of Linear Mul-
tiagent Systems with Mixed Matched and Unmatched State-Coupled
Nonlinear Uncertainties,” American Control Conf., USA, 2017.

V. Rezaei and M. Stefanovic, “Event-Triggered Robust Cooperative Sta-
bilization in Nonlinearly Interconnected Multiagent Systems,” European
J. of Control, 48:9-20, Jul 2019.

V. Rezaei and M. Stefanovic, “MultiLayer Distributed Protocols for
Robust Cooperative Tracking in Interconnected Nonlinear Multiagent
Systems,” Int. Journal of Robust and Nonlinear Control, 29(12):3859-
3891, Aug 2019.

V. Rezaei and M. Stefanovic, “Distributed Stabilization of Intercon-
nected Multiagent Systems using Structurally Nonsymmetric Control
Layers,” IFAC World Congress, Germany, 2020.

S. Baldi, S. Yuan, and P. Frasca, “Output Synchronization of Unknown
Heterogeneous Agents via Distributed Model Reference Adaptation,”
IEEE Trans. on Control of Network Systems, 6(2):515-525, 2018.

G. Song and G. Tao, “An Adaptive Control Scheme for Consensus of
Multi-Agent Systems with Parametric Uncertainties,” American Control
Conference, USA, 2017.

P. Toannou and J. Sun, Robust Adaptive Control, Dover, 2012.

B. Anderson, “Adaptive Systems, Lack of Persistency of Excitation and
Bursting Phenomena,” Automatica, 21(3):247258, 1985.

W. Chen, C. Wen, S. Hua, and C. Sun, “Distributed Cooperative
Adaptive Identification and Control for a Group of Continuous-Time
Systems with a Cooperative PE Condition via Consensus, IEEE Trans.
on Automatic Control, 59(1):91106, 2014.

C. Yuan, N. Xue, W. Zeng, and C. Wang, “Composite Consensus
Control and Cooperative Adaptive Learning,” IEEE Conf. on Decision
and Control, USA, 2018.

V. Rezaei and M. Stefanovic, “Distributed Stabilization of Intercon-
nected Linear Multiagent Systems with Adaptive Decoupling under
Cooperative Finite Excitation,” AIAA Conf. on Guidance, Navigation,
and Control, pp. 1-16, USA, 2020.

A. Parikh, R. Kamalapurkar, and W. Dixon, “Integral Concurrent
Learning: Adaptive Control with Parameter Convergence using Fi-
nite Excitation,” Int. J. of Adaptive Control and Signal Processing,
33(12):1775-1787, Dec 2019.

M. Mesbahi and M. Egerstedt, Graph Theoretic Methods in Multiagent
Networks, Princeton University Press, 2010.

B. Anderson and J. Moore, Optimal Control: Linear Quadratic Meth-
ods, Prentice-Hall, 1990.

H. Zhang, Z. Li, Z., Qu, and F. Lewis, “On Constructing Lyapunov
Functions for Multi-Agent Systems,” Automatica, 58:39-42, 2015.

F. Lin, Robust Control Design: An Optimal Control Approach, Wiley,
2007.

H. Khalil, Nonlinear Systems, Prentice Hall, 2003.

V. Rezaei and M. Stefanovic, “Distributed Decoupling of Partially-
Unknown Interconnected Linear Multiagent Systems: State and Output
Feedback Approaches,” IFAC World Congress, France, 2017.

71



	Introduction
	Notation and Definitions
	Main Results
	Problem statement
	Design foundation
	Fixed-gain cooperation protocol
	Data-assisted decoupling protocol
	Theoretical analysis

	Concluding Remarks
	References

