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ABSTRACT

This paper proposes a distributed gain-scheduled observer-based technique for the practical state
consensus of linear parameter-varying (LPV) multi-agent systems (MAS). In the proposed approach,
the effects of considering different scheduling parameters for each agent are modeled as an internal
disturbance. By applying the concepts of the Lyapunov theory, sufficient conditions are obtained
for the design of a gain-scheduled observer-based consensus protocol ensuring that the trajectories
of the consensus error converge exponentially to a bounded region, achieving a practical consen-
sus. Numerical experiments illustrate the advantages of the proposed practical consensus over the
non-synchronization-based scenario usually obtained when the LPV MAS is subjected to different

scheduling parameters.

1. Introduction

Influenced by the cooperative behaviors of the natural world,
the study of multi-agent systems (MAS) has enabled significant
advancements in practical applications of several fields, such as
robotics, complex systems, and transportation (Qin, Ma, Shi, &
Wang, 2017). From the control design perspective, consensus,
formation, and flocking control of MAS have been the three major
tasks extensively investigated in recent years. These cooperative
tasks rely on the availability and transmission of local information
among the agents. Consequently, control approaches that effec-
tively address these aspects are crucial to maintaining progress
in these areas (Qin et al., 2017).

Among the possible communication setups, the distributed
approach stands out as it allows a trade-off between the main
advantages of centralized and decentralized structures by limit-
ing the exchange of information to only the agents within the
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same neighborhood (Qin et al, 2017). Meanwhile, when the
agent’s dynamics are not completely available for measurement,
observer-based protocols can provide a suitable solution to esti-
mate the missing information (Zuo, Defoort, Tian, & Ding, 2020).
Due to the these benefits, distributed observer-based protocols
have emerged in many scenarios, including MAS with high-
order integrator dynamics (Zuo et al, 2020), double-integrator
dynamics (Li, Du, & Lin, 2011), nonlinear dynamics (Du, Wen, Wu,
Cheng, & Lii, 2020; Zhang, Wang, Sun, Li, & He, 2023), general
linear dynamics (Chen, Wang, Zhao, Lai, & Lyu, 2022; Huang,
Liu, Zhao, Huang, & Zhao, 2024), and linear parameter-varying
dynamics (Rotondo, Ponsart, & Theilliol, 2022; Rotondo, Theilliol,
& Ponsart, 2023).

The modeling and control of engineering applications often
consider the class of linear parameter-varying (LPV) systems to
extend linear techniques to the case of nonlinear dynamics. Thus,
it is not surprising that this class of model has been considered
in several approaches within the context of MAS (Chen, Huang, &
Zhan, 2021; Chen, Zhang, Cao, & Chu, 2017; Fu, Zhang, Huang,
Wang, & Yan, 2023; Rehan, Tufail, & Ahmed, 2021; Rehman,
Shi, Wu, Huang, & Zhang, 2023; Rotondo et al.,, 2022, 2023;
Ugrinovskii, 2014). In Ugrinovskii (2014), the synchronization of
uncertain bilinear systems is investigated by constructing a gain-
scheduling consensus protocol. The output synchronization of
heterogeneous MAS represented by affine LPV models is stud-
ied in Fu et al. (2023). Assuming that Lipschitz nonlinearities
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can be transformed into an LPV representation, the approaches
in Rehan et al. (2021) and Rehman et al. (2023) design leaderless
consensus protocols for MAS under input saturation and switch-
ing topologies, respectively. Fault-tolerant consensus protocols
are designed in Chen et al. (2017) and Rotondo et al. (2023)
for continuous-time LPV MAS. Furthermore, the state consensus
for LPV MAS with communication delays is addressed in Chen
et al. (2021) considering a gain-scheduled consensus protocol.
The benefits of the gain-scheduled structure for the state con-
sensus were also explored in Rotondo et al. (2022), where an
observer-based consensus protocol is proposed considering that
both controller and observer gains depend on the time-varying
scheduling parameters.

Another interesting discussion performed in Rotondo et al.
(2022), concerns the conditions under which an LPV MAS can
reach a consensus. It was shown that with the proposed con-
sensus protocol, a sufficient condition to achieve an exact lead-
erless state consensus is that all agents that compose the LPV
MAS have equal time-varying scheduling parameters. In this
case, the dynamics are entirely homogeneous once the matrix
vertices of the state-space model are scheduled in the same
manner in all agents. Moreover, it was also shown that a non-
synchronization scenario occurs when the designed consensus
protocol is implemented with different scheduling parameters.
However, while Rotondo et al. (2022) acknowledge this non-
synchronization scenario, it does not provide an alternative solu-
tion to assess or set bounds on the consensus error within this
more intricate context. It is important to highlight that in the
previously discussed works (Chen et al,, 2021, 2017; Rotondo
et al., 2022, 2023), the focus is on the study of fully homogeneous
LPV MAS. Thus, little attention has been given to the more general
case when the LPV MAS has different scheduling parameters.

Motivated by these limitations in the current literature, this
paper investigates the practical consensus of LPV MAS with dif-
ferent scheduling parameters. Similar to Rotondo et al. (2022),
our goal is to design a distributed gain-scheduled observer-based
consensus protocol, where the estimated states obtained from
local observers are available for neighboring agents. However,
unlike the discussed approaches which assume uniform time-
varying scheduling parameters for all agents, we account for the
effects of differing parameters as internal perturbations. In this
context, we show that a practical consensus can be achieved
by guaranteeing the convergence of the consensus error to a
bounded region, defined with Lyapunov stability arguments. The
concept of practical consensus considered in the proposed
method has been mainly employed in approaches focused on the
leader-following consensus for heterogeneous MAS, where the
unmatched terms between the leader and follower agents are
modeled as disturbances (Ding & Zheng, 2017; Visakamoorthi, Yu,
Subramanian, Chadli, & Trinh, 2023; Yang, He, & Han, 2021; Yang,
Wang, Xiao, Jiang, & Huang, 2019). Disturbance-like terms are
also considered in Ding, Zheng, and Guo (2018) and Yang et al.
(2019) to account for saturation and quantization effects in the
designed input.

Based on the above discussion, this paper provides the follow-
ing original contributions:

e Sufficient conditions for designing a distributed gain-
scheduled observer-based consensus protocol that ensures
the practical consensus of LPV MAS with distinct time-
varying scheduling parameters.

e Unlike existing techniques, we guarantee that the trajecto-
ries of consensus error, when disturbed by internal
perturbations that arise due to the difference among the
scheduling parameters, converge exponentially to an attrac-
tive bounding region.

e A less conservative approach than the existing gain-
scheduled observer-based consensus protocols, providing
the exact consensus for LPV MAS in scenarios where the
existent conditions fail to obtain feasible solutions.

Notation R" is the n-dimensional Euclidean space; diag(A, B)
denotes a block diagonal matrix whose elements are A and B. For
given vectors x; € R", define (X1, ..., xy) = [x], ..., x}]"T € RN;
I, represent a n x n dimensional identity matrix; 1 and 0 represent
respectively a column vector of ones and zeros with appropriate
dimension; || - || represent the Euclidean norm for vectors or
Spectral norm of matrices; || || represent the norm-co of vectors
or matrices.

2. Problem formulation
2.1. Preliminaries on graph theory

The communication among the agents is represented by a con-
nected undirected graph G = (V, £), where V is the set of vertices,
and & = {e; = (i, j) € VxV} is the set of edges. The neighborhood
set of an agent i is represented by A; = {j € V : (j,i) € &}.
The undirected graph is connected if there is an undirected path
between each pair of distinct vertices. Notice that a path of length
k is a sequence of edges (v1, v2), (v2, V3), . .., (Vk, Vks1)-

The elements of the adjacency matrix A = [a;], i,j € V, are
defined as

0,
ajj = 1,

and the elements of the diagonal degree matrix D =
diag(ds, ..., dy) are computed as d; = Z}Ll ai, i € V. Finally,
the Laplacian matrix associated with the connected graph G is
defined as £ = D — A. The Laplacian £ can be written in terms
of a spectral decomposition, such that £ = TAT~!, where the
orthogonal matrix T e RV*N constitutes the eigenvectors of
£, and A = diag(h1, Ay, ..., An) € RV*N are the eigenvalues
ordered such that A; < Ay < --- < Ay, With A1 = 0.

ifi=jore;¢é&,
ifel-je&

2.2. Agents modeling and consensus error

Consider a MAS composed of N agents in the form
xi(t) = A(pi(t))xi(t) + B(pi(£))ui(t),
yi(t) = Cloi(E)xi(E),

where x; € R™ is the state vector, u; € R™ is the control input,
yi € RY is the output, and p;(t) € RP is the vector of time-
varying scheduling parameters, which are functions of measured
exogenous signals.

The parameter-dependent matrices A(p;(t)) € R™*™, B(p;(t))
€ R™ M and C(p;(t)) € R™*™ are functions of the scheduling
parameters and belong to a polytopic domain. Then, they can be
written as follows:

Ny
A(pi) B(pi) A, B
|:C(pi) : } = 1?:1 an(pi) [c: _h]

where Ap, By, and C, are the vertices of the polytopic domain,
N, is the number of vertices and ay(p;) satisfies the convex sum

property:

(1)

Ny
Zah(pi) =1, and ap(p;) 20, VieV.
h=1

The addressed LPV-MAS (1) comprehends N same-order agents
represented by homogeneous LPV models with the same ver-
tices. That is, all agents share the same polytopic domain. How-
ever, it is assumed that each agent has independent time-varying



scheduling parameters, which can induce heterogeneity among
the agents. Moreover, also notice that the agents do not share any
common states, being the local open-loop dynamics completely
decoupled. For preliminary discussions on LPV systems and gain-
scheduling control, the reader is referred to Atoui, Sename, Mi-
lanes, and Martinez-Molina (2022) and Rugh and Shamma (2000).

Consider the following gain-scheduled observer-based dis-
tributed consensus protocol

= K(p(t) Y (R — %),

JeN;

Vie, (2)

where K(p;(t)) € R™*™ js the gain-scheduled function to be
designed, X; € R™ is the estimated state of the local agent, and
Xj € R™ are the estimated states of the agents that compose the
neighborhood ;. For each agent, the local estimated states are
given by

X() =AGPOR(E) + Bla(Oui(0)
+ L) (ClaOR(E) = (D)),

where L(pi(t)) € R™*™ is the gain-scheduled observer function
to be designed. The considered gain-scheduled observer-based
scheme is also employed in Rotondo et al. (2022), and it is
realistic since the agents’ open-loop dynamics do not share any
common states. To alleviate the notation, the time dependency
will be omitted hereafter.

Defining zz = X; — x;, as the local estimation error, z =
(z1,22,...,2y),and p = (p1, P2, ..., PN), it is possible to write

Ny Ny

=23 e

h=1 I=1

(3)

)® Inx IN ® (An + LiCp))z,

where ap(p) = diag(an(p1)u(p1), .. .. an(pn)ai(py)).and L are
the vertices of L(p;(t)). By substituting the consensus protocol (2)
into (1), we have that

% = Alpixi + BodK(p) Y (i + x:) — (2 + %)

JEN;
Therefore, the global dynamics of all agents x = (x1, X2, ..., Xy)
can be written as

x—ZZam )@ ) (Iv ® A + £ ® Buki)x
h=1 I=1

+ (an(p) ® In,) (£ ® Buki)z,
being K; the vertices of K(p;(t)). Let the consensus error be de-
fined as §; = x; — X, being X = (1/N)ZJN=1 x;. Then, the relation
between the global consensus error § = (8, d2,...,dy), and
the states x is given by § = 7%, with ¥ = (T ® I,,,) and

T = (Iy — (1/N)117). Hence, the consensus error can be defined
as

h=1 I=1

+ (on(p) @ Iny ) (IN @ Ap + L. ® BhKl)x}.

Provided that (£ ®ByKj)x = (L®BuK)8, andx = §+ (1 ® X),it
is possible to write

5= Xv: Xv: { ahl p)® Inx)(L ® BhK[)Z

h=1 I=1

+ (@n(p) @ In,) (v @ Ay + £ @ BiK)S + fulp, D)

being fu(p, X) = (an(p)1 ® AnX).

Finally, defining the augmented error systems as e = (z, §) we
obtain

é=A(p)e+B, o, (4)
with

v v 11
w-X Y[ 2] e[
puriurl ECTRET Nt
Al = an(p) ® (An + LiGh)
Al = (Tan(p) ® I, ) (£ ® BuK)),

Aip = (Ton(p) ® In,) (Iv ® An + £ ® ByK),

Ny Ny
w=) Y Thlp.%).

h=1 I=1

Remark 1. Notice that the augmented error system is subject
to an internal perturbation w due to the difference among the
time-varying parameters of the agents. From the definition of
(4), it is possible to conclude that e = 0 if and only if ® = 0,
and X; = x; = x, Vi € V. Similarly to Rotondo et al. (2022), an
exact consensus (or synchronization scenario) can be achieved by
selecting py = p, = --- = pp. If all agents have the same
scheduling parameters, then Tay(p)1 = 0 Vh,I = 1,...,N,,
which is a sufficient condition to ensure w = 0. For the case
where the scheduling parameters are different, the trajectories of
w depend on the vertices Aj, of the system matrices, on the mean
of the states X, and on the difference time-varying among the
scheduling functions ap(p). Since in general w # 0, the exact con-
sensus cannot be achieved, resulting in the non-synchronization
scenario discussed in Rotondo et al. (2022). For this reason, the
development of a practical consensus approach for LPV MAS is
the main goal of this work.

2.3. Practical consensus

Defining the ellipsoid

EP,e)2{ec RN el Pe < ¢},

where P > 0 is a symmetric positive definite matrix, and € > 0
is a given positive scalar, the notion of practical consensus is
established as follows.

Definition 1 (Ding & Zheng, 2016, 2017). Given any positive scalar
€ > 0, the MAS (1) is said to achieve practical leaderless consen-
sus if

lim d(e(t, eg),

t—o00

&P €)) =0,

where e(t, eg) represents the trajectory of the error system (4)
with initial condition ey € R?¥™, and d(e(t, ey), £(P, €)) represent
the distance between e(t, eg) and &(P, €).

Moreover, we have that

Ny Ny
lolloe <> Y 1T fuo: ®lloos

h=1 I=1

A

from which we can define y £ sup..o(llo(t)lle), that it is
important for the following analysis conditions.

Lemma 1 (Adapted from Ding & Zheng, 2017; Fridman & Dambrine,
2009). If there exist positive scalars a > 0, b > 0, and symmetric
positive definite matrices Py € R™*™ and P, € R™*™such that the
Lyapunov function

V(e)=e'Pe, P =diag((Iy ® P1), (Iy ® Py)), (5)



satisfies

V(e)+aV(e)—bw' w < 0, (6)
the trajectories e(t, eg) of the error system will converge exponen-
tially to the attractive region
2h
%c_{eeRzN"":eTPesy}, (7)
a

with a decay rate of a/2.

Proof. The proof follows the same reasoning performed in Ding
and Zheng (2017) and Fridman and Dambrine (2009). Therefore,
the proof is omitted. ®

Considering the previous modeling and definitions, the prob-
lem addressed in this work is stated as follows.

Problem 1. Given the LPV MAS described in (1), determine
a condition to design both the distributed observer-based gain-
scheduled consensus protocol (2), and the gain-scheduled state-
observer (3) such that the trajectories e(t, eg) of the error system
(4) converge exponentially toward the attractive region (7), and
the practical consensus is achieved.

3. Main results

The LMI-based design conditions of the distributed gain-
scheduled observer-based consensus protocol are presented in
the next theorem.

Theorem 1. Consider the closed-loop error dynamics (4) computed
with the LPV MAS (1), the distributed gain-scheduled consensus
protocol (2), and the gain-scheduled observer (3). Given positive
scalars a,b € R, £ € R, and the Am non-zero eigenvalues of the
Laplacian matrix £,Ym = 2, ..., N, if there exist symmetric positive
definite matrices P, € ]R”XX”X P € R™*™ matrices X; € R™*,
Xy € R™™ K € R™*™ and Ll € R™*% such that the following
inequalities hold

Dy < 0, ifh=1, (8)
Pp + P < 0, ifh <1, (9)
Wi < O, ifh=1 ¥vm=2 .. N, (10)
Wi + Yinm < 0, ifh<l Yvm=2 ... N, (11)
with
— *
P = [g@ff ?3(1)( i X Py + He(@,,l)j| : (12)
—.§He(X2) _ * *
Yhim = 5thm+P2 X aPy + He(Thim) * R (13)
&Elnx Inx —blx
On = XiAn + LGy, (14)
Thum = ArXz + AmBiKi, (15)

for all h,1 € {1,2,...,N,}. Then, the trajectories of the error
dynamics (4) converge exponentially to the attractive region Z
defined in (7) with a decay rate of a/2. Moreover, the gains of the
consensus protocol (2), the gains of the observer (3), and the mamces
of the Lyapunov function (5) are glven respectively, by K, = K,X
L=X{ L,, Py, and P, = X5 PZX_

Proof. Firstly by applying a separation principle argument, we
have that the exponential convergence of (4) to the attractive
region (7) can be analyzed considering the subsystems

Ny Ny
=" (nlp) ® In) (In ® (An + LiC))z, (16)

h=1 I=1

Ny Ny

5= (Ton(p) ® In,)(In ® An + £ ® BrK)) + o. (17)
h=1 I=1

Notice that the internal perturbation @ does not affect the state-
estimation subsystem (16). Moreover, considering V(z) = z " (Iy®
P;)z it is possible to compute

Viz)=z"(Iy®@P1)z + 2 (Iy ® Py)z, (18)

that can be written as

2222 (cni(p) ® In ) (In ® Py (Ap + LiCp))z.

h=1 I=1

Replacing (14) in (12), and performing the exchange of variables
XL = L, we have ®, = XA, + X1L,Cy, and

O — —&He(X1) *
M= &0, +Pi—X; aP;+He(On)|"

Multiplying (19) by [
in the right, results in

@ = He (P1(Ap + LiCy)) + aPy. (20)

(19)

+C, L] In,] on the left, and its transpose

Considering the convex property of the time-varying parameters,
it is possible to write (20) as

ZLZU an(p)Pn = fohh )P

h=1 I=1
LNU

3> anto

h=1I>h

from which it is possible to conclude that the LMIs (8)-(9) are
sufficient to guarantee that V(z) 4+ aV(z) < 0, with V(z) as in
(18).

Now considering the consensus-error (17), and choosing V(8)
= §"(Iy ® P»)8, it is possible to compute V(6) similarly to (18).
Moreover, from the spectral decomposition £, it is possible to
define the exchange of coordinates § = (T~ ! ® I,,)8. Applying
the exchange of coordinates in (17) and in V(S ), we obtain

) (P + D),

Ny Ny
8= (@n(p) ® I, )(In ® An + A ® ByKi)S + @,
h=1 I=1

where @p(p) = T ' Tan(p)T, & = (T7' ® I, )w, and

V() =2 ZZET Gn(0) @ 1n,) | (In ® P2Aw)3

h=1 I=1
+ (A ® P,ByK))8 } +25 " (Iy @ P,)a. (21)

Replacmg (]5) in (13), multiplying (13) on the left by
dlag(X Inx) and its transpose on the rlght and performmg
the exchange of variables K, KiXp,and P, = X5 P2X2 , we have
Tum = X; TA] + AmX; "ByK, and

—sHe(xgl) * *
Whim = | €l + P2 — X277 aPy +He(Iim)  * |. (22)
EX;! X, —bly,

Multiplying (22) by
57— |An T KBy L, 0
Iy, 0 Iyl

on the left, and B on the right results in

__ | He (Py (Ap + AmByKi)) + aP, *
lIIhlm = [ P2 _blnx (23)



Finally, performing a dimension adjustment and then multiplying

(23)byw " =[8" @'"] on the left, and its transpose on the right,
we obtain

@ " Whmw = 8 (He(Iy ® Py (A + AmBrK))) 3
+ 3 (IN®aP)S+ 3 (Iy ® P,)8
+3" (In®P))®—b3d .

Considering the convex property of the time-varying parameters,
and exploring the fact that A1 = 0 and 8; = 0 in the transformed
subsystem, it is possible to conclude that the LMIs (10)-(11) are
sufficient to guarantee that V(8) 4+ aV(8) — ba '@ < 0, with V(§)
as in (21).

Moreover, notice that since P; and P, are symmetric positive
definite matrices, we have V(z) > 0 and V(§) > 0, for all z, § # 0.
Thus, it is possible to conclude that V(e) = V(z) + V(8) as in (5)
is positive definite. Furthermore, from the previously performed
steps, it is possible to conclude that if the LMIs (8)-(11) hold,
the derivative V(e) = V(z) + V(é) satisfies (6). Thus, all the
conditions of Lemma 1 hold and the trajectories of the error
system will converge exponentially to the attractive region (7).
This concludes the proof. ®

Remark 2. Note that differently from Rotondo et al. (2022), the
observer gains of Theorem 1 are recovered independently of the
Lyapunov function (5). Therefore, in the proposed approach, the
design can be performed without imposing particular structures
on the Lyapunov matrices in (5).

4. Numerical examples
4.1. Example 1

In this example, we present a comparison with the method de-
veloped in Rotondo et al. (2022) to demonstrate the advantages of
the proposed approach. First, we present simulations to illustrate
that the proposed practical consensus approach can improve the
state consensus and reduce the consensus error for LPV MAS with
different time-varying parameters. Moreover, we show that the
observer-based gain-scheduled approach in Theorem 1 achieves
feasible results in cases where the observer-based gain-scheduled
method developed in Rotondo et al. (2022) fails.

Consider the LPV MAS presented in Rotondo et al. (2022).
The system is composed of four agents with a two-vertex poly-
topic representation. For more information about the system and
communication topology, the reader is referred to Rotondo et al.
(2022).

Considering p = 0.49 (the maximum value of p such that the
conditions of Rotondo et al. (2022) are feasible), a = 0.9526,
b = 1.6554, and £ = 0.001, the solution of the gain-scheduled
observer based practical consensus protocol proposed in Theorem
1 is given by:

L{ =[-1.1236 —0.6837], L, =[-0.3373 —0.2873],
Ky =[-2.4882 —0.7343], K, = [-1.0936 —0.2344].

The values of the scalar parameters a, b, and & were defined
by a grid search. Similarly to the non-synchronization scenario
of Rotondo et al. (2022), we perform simulations starting from
the initial conditions x;(0) = [1 1]7, x,(0) = [1 3]7, x3(0) =
[3 117, x4(0) = [3 3]T, and with different scheduling parameters,
ai(pi(t)) = (1 + sin(2t))/2; ai(p2(t)) = (1 + cos(0.1t))/2;
ai1(p3(t)) = (1 + sin(0.5t))/2; an(pa(t)) = (1 + cos(0.05¢))/2;
and a;(pi(t)) = (1 — a1(pi(t))), Vi € V. The simulation results are
depicted in Figs. 1-2.

From Fig. 1, it is clear that closed-loop LPV MAS achieves
practical consensus, even in the case of different scheduling pa-
rameters. Notice that the agents are maintaining the practical
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Fig. 1. State trajectories of the closed-loop LPV MAS with the proposed practical
consensus for p = 0.49 — Example 4.1.
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Fig. 2. Trajectories of the consensus error obtained with the proposed gain-
scheduled observer-based practical consensus — Example 4.1.

consensus while converging together toward the origin. More-
over, from Fig. 2, it is possible to see the oscillations of the
consensus error around the zero equilibrium, confirming once
again that the practical consensus is achieved. When the agents
are close to the origin, we have that x =~ 0. Consequently, the
internal perturbation that depends on x is also w ~ 0 even with
different scheduling parameters.

To illustrate the benefits of the proposed practical consensus,
we will directly compare the norm of the augmented error vector
e(t), which comprises the estimation and consensus errors, with
the norm of error in the non-synchronization scenario obtained
with the approach proposed in Rotondo et al. (2022). From the
results presented in Fig. 3, we observe that, as expected, the
convergence error obtained with the proposed approach in (=) is
upper-bounded by the convergence error of the approach in Ro-
tondo et al. (2022) (==). This result clearly demonstrates the
superiority of the designed consensus protocol in dealing with the
presence of different scheduling parameters when compared to
the current literature. It is important to highlight that, unlike the
proposed method, the conditions of Rotondo et al. (2022) were
not designed to deal with this more general case, which makes
clear the contribution and importance of the result in Theorem 1.

Now consider the LPV MAS with p = 1. In this case, the
approach in Rotondo et al. (2022) fails to provide feasible solu-
tions. However, selecting by grid-search: a = 1, b = 0.1, and
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Fig. 3. Norm of the augmented error system considering the proposed approach
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Fig. 4. State trajectories of the closed-loop LPV MAS for the case of p = 1 and
different parameters — Example 4.1.

& = 0.001, it is possible, via Theorem 1, to have a solution to
the gain-scheduled observer-based practical consensus protocol,
namely:

L{ =[-12200 -0.7220], L, =[-0.2873 —0.1977],
Ky =[-52191 —1.0451], K; = [—1.4950 —0.2352].

Similarly to Rotondo et al. (2022), if the scheduling parameters
are equal, we have that y = 0, and the protocol proposed
in Theorem 1 can achieve the exact consensus. Therefore, it is
possible to conclude that the proposed approach also contributes
to improving the completely homogeneous case, since it proposes
less conservative design conditions, that obtain feasible solutions
for bigger values of p compared to Rotondo et al. (2022). To illus-
trate this fact, Figs. 4-5 depict the state trajectories obtained with
a simulation considering the solution for p = 1, with different
parameters, and with o1(pi(t)) = (1 + sin(2t))/2, aa(ei(t)) =
(1 — a1(ps(£))), Vi € v, respectively.

It can be seen that practical consensus is successfully achieved
as depicted in Fig. 4, and that exact consensus occurs as depicted
in Fig. 5. Similar to the previous case, when different param-
eters are considered in the simulations, the trajectories of the
agents maintain the practical consensus while converging toward
the origin. This behavior is possible because the combination of
the proposed protocol with different parameters results in sta-
ble heterogeneous dynamics. Meanwhile, when considering the
same parameter for all agents, the closed-loop MAS is completely
homogeneous and the exact consensus is achieved.

4.2. Example 2

Consider an adaptation of the LPV MAS presented in Example 1
of Chen et al. (2017). We assume that the matrices A(n) and
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Fig. 5. State trajectories of the closed-loop LPV MAS for the case of p = 1 and
equal parameters — Example 4.1.

B(n) are kept the same, but the output matrix is replaced by
C(n) = [1 0]. The system is composed of a four-vertex poly-
topic representation, obtained with the same bounds presented
in Chen et al. (2017). Moreover, consider that the system has N =
10 agents and the Laplacian matrix encompasses the following
neighborhood: N7 = {2} Ny, ={1, 3, 4} J\/’3 {2,5}, Ny = {2, 5},
Ns = {3,4,6}, Ns {5.7,8} W, {6,9}, Vs {6, 9},
NQ = {77 8! 10}' Nlo - {9}

In this example, the complexity of the problem in terms of the
number of vertices and agents increases in comparison with Ex-
ample 1. The main computational cost of the proposed approach
is the one required to solve the LMI conditions of Theorem 1.
The complexity of the conditions can be evaluated in terms of
the number of scalar decision variables N,, and the number of
LMI rows N;,,;s given by

Nygr = 3nx2 +ny + NV(nx(ny + ny)),
3n(N = 1)(Ny + Nv?)
> .

Notice that N,, and N,,s increase with the increment of the
number of vertices and agents. In the first example, we have
Nyor = 22 and N,,s = 70. Meanwhile, in this example we have
Nyer = 30 and N;,; = 584. Although the complexity is much
higher than in the first example, the proposed design can still
be efficiently performed offline with semi-definite programming
toolboxes.

Selecting a = 1, b = 0.001 and & = 0.001, the solution
of Theorem 1 results in the observer-based practical consensus
protocol given by:

Nrws = (2 + Ny + Ny?) +

Ky =[-3.0498 —6.5706], K,=[-3.0663 —6.5793],
K3 =[-3.0625 —6.5809], K,=[-3.0829 —6.6023],
L{ =[-12118 28951], L =[-12118 28551],
L; =[-12118 28651], L =[-12118 2.8251].

To evaluate the effectiveness of the proposed consensus protocol,
we have performed temporal simulations with initial conditions
within the range x{,x, € [—5,5]. Similarly to Example 4.1,
we have considered a different trigonometric variation for the
parameters n}(t) and n5(t) inside its specific bounds. The state
trajectories of the closed-loop LPV MAS, equipped with the pro-
posed distributed observer-based consensus protocol and con-
sidering different scheduling parameters are depicted in Fig. 6.
From the simulation results presented in Fig. 6, it is possible to
conclude that the practical consensus is successfully achieved.
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Fig. 7. Norm of the consensus error with the obtained bound for the attractive
region — Example 4.2.

Furthermore, with the simulated state trajectories, we can com-
pute the internal perturbation w(t) and y, for 0 < t < 100. Thus,
an estimate of the attractive region (7) can be performed with

an upper bound r = % for the norm of the augmented
error system. The trajectory of the norm and the obtained upper
bound r are presented in Fig. 7. Since that exact consensus is not
achieved, the norm of the error system does not converge to the
origin. However, notice that as expected, the norm in steady state

is constrained in the estimated attractive region.
5. Conclusions

This paper has presented a novel distributed gain-scheduled
observer-based approach for the practical consensus of multi-
agent systems represented by LPV models. It has been shown
that, unlike the existing methods in the literature, the proposed
approach provides a bounded practical consensus to deal with the
presence of different scheduling parameters among the agents.
Furthermore, it was illustrated through examples that the pro-
posed protocol improves the design performance in comparison
with the existent gain-scheduled observer-based approaches for
LPV MAS with synchronized scheduling parameters. Future re-
search may consider the presence of a directed communication
among the agents, and the case of completely heterogeneous LPV
MAS.
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