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Distributed Adaptive Control for a Class of Heterogeneous Nonlinear Multi-Agent Systems
with Nonidentical Dimensions

Bo QIN*, Yongqing FAN, Yang GAO

Abstract: A novel feedback distributed adaptive control strategy based on radial basis neural network (RBFNN) is proposed for the consensus control of a class of leaderless
heterogeneous nonlinear multi-agent systems with the same and different dimensions. The distributed control, which consists of a sequence of comparable matrices or
vectors, can make that all the states of each agent to attain consensus dynamic behaviors are defined with similar parameters of each agent with nonidentical dimensions.
The coupling weight adaptation laws and the feedback management of neural network weights ensure that all signals in the closed-loop system are uniformly ultimately
bounded. Finally, two simulation examples are carried out to validate the effectiveness of the suggested control design strategy.
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1 INTRODUCTION

Due to the increasing usage of MASs in a variety of
engineering applications, cooperative control for multi-
agent systems (MASs) has become a hot research topic in
various disciplines [1-7]. The consensus among MASS is
that forcing all followers to converge on the leader's states
is a key issue in cooperative control. Extant works on
MASs consensus include sampling data consensus [8, 9],
event-triggered consensus [10, 11], finite-time consensus
[12], linear MASs [13, 14], and nonlinear MASs [15-18].
It is worth noting that the consensus in these papers is
based on homogeneous MASs, which means that each
agent's dynamic behaviors are identical. As a result, the
proposed controls can only be utilized to obtain an
agreement among agents with the same dynamical
behavior.

Because the nonidentity of dynamic agents has piqued
interest in the consensus of heterogeneous MASs, it is
critical to design some control techniques to achieve MASs
consensus. In recent years, more control approaches for
linear heterogeneous MASs have been developed in [19]-
[24]. In the consensus problem of uncertain nonlinear
heterogeneous MASs, a distributed adaptive fuzzy control
was developed for a class of heterogeneous second-order
MASs with unknown nonlinear terms in [25]. The fuzzy
adaptive control introduced in [26] can guarantee the
output consensus of heterogeneous MASs with unknown
nonlinear functions.

For the consensus and synchronization of a family of
higher-order nonlinear MASs, the authors established a
robust neural network adaptive control for cooperative
tracking in [27]. Two distributed learning control methods
for the consensus problem of heterogeneous high-order
nonlinear MASs with output constraints were designed by
applying a general form of barrier Lyapunov function in
[28]. In [29, 30], in order to achieve the consistency or
synchronization for two types of high-order nonlinear
MASs with time-varying actuator faults and high-order
nonlinear MASs with unknown state dependent control
effects, the authors proposed a cooperative adaptive fuzzy
tracking control and a distributed adaptive neural network
control.

However, because the composition of heterogeneous

MASs was supposed to be identical in [27-30], the works
provided in these results were only valid for a few classes
of peculiar triangular heterogeneous MASs. Furthermore,
in these works, the dimensions of heterogeneous MASs
were all the same, making the offered control concepts
ineffective for establishing the consensus of heterogeneous
MASSs with varying dimensions. As a result, it is required
to investigate a number of distinct consensus controls that
must be used to variety of MASs with the same or different
dimensions.

Based on an analysis of existing consensus controls for
several categories of heterogeneous MASs, we aim to close
the gap in consensus control processes across
heterogeneous MASs with the same and different
dimensions in this research. Each agent is viewed as a node
in a network topology graph from the perspective of the
MASs workspace's connection structure, where the spatial
dimension of each node is the same or different. In this
study, similar qualities were introduced to comparable
agents with nonidentical dimensions based on the
experiences of the similar distinguishing feature of large-
scale systems in [31-36]. A unique consensus RBFNN
adaptive control based on the comparable parameters
among each agent with various dimensions is examined by
adding the characteristics of similar heterogeneous agents.
For the consensus of heterogeneous MASs with the same
or different dimensions, as well as identical MASs, the
proposed control is used.

The proposed control is employed for the consensus of
heterogeneous MASs with the same or different
dimensions. Comparing with the existing works on the
consistency of heterogeneous MASs, the main
contributions of the control protocol proposed in this paper
are as follows:

1) Similar definition and properties among each agent
are presented, and similar parameters such as vectors or
matrices can be obtained by the properties of
heterogeneous MASs with identical or non-identical
dimensions.

2) For the consensus problem of heterogeneous MASs,
a distributed adaptive RBFNN feedback control with
similar parameters is designed, which may be employed for
cooperative control of heterogeneous nonlinear MASs with
the same or different composition.

Tehnicki viesnik 29, 5(2022), 1537-1544

1537



Bo QIN et al.: Distributed Adaptive Control for a Class of Heterogeneous Nonlinear Multi-Agent Systems with Nonidentical Dimensions

The rest of the paper is summarized as follows:
Section 2 contains preliminary information and system
descriptions. The distributed adaptive RBFNN control
approach for heterogeneous nonlinear multi-agent systems
is investigated in Section 3. To demonstrate the validity of
theoretical results, Section 4 gives two types of cases, one
with the same dimension and the other with different
dimensions.  Section 5 concludes with some
recommendations.

2 SOME PRELIMINARIES AND SYSTEM DESCRIPTIONS

Assuming that the network contains N agents, a
weighted directed graph G = {V, E, A} is used to model the
interaction of these agents, where V' = {1, 2, ..., N} is the
node set, ECVxV is the edge set, matrix

A=(a;) e R denotes the weighted adjacency matrix.

If there is an edge between two agents, then they are
adjacent. Assuming that the graph has no self-loop or
repetition ratio, it is called as a simple graph. An edge from
nodej to the end of node 7 is marked as (v;, v;) with a;;> 0,
(vj, vi) € E, otherwise a;;= 0. The set of neighbor nodes of

node i is denoted as N; =1/ (v;,v;) € E} . The degree of

N
node i is defined as ;, (i) = Za Jji , and the degree matrix
J=1

is D =diag{d,,} e R"".
L =D — A. In a directed graph, the directed path from node
i to node j is composed of a series of edges in the form of
V) v ) (Vv )}

Assuming that in this graph there is any node that can
be used as a leader, define its adjacency matrix as

The Laplacian matrix is

Ay =diag(ay 4, a, 4554, ) , and the following lemma is

proposed.
Lemma 1 [23]: The matrix H = L + Ay is symmetric

and positive definite, where a; >0, if and only if the i-th

follower can access the leader's state information,
otherwise aix= 0.
The MASs with N agents is described as:

X, (1) = Ax, () + B;[u; (1) + f;(x;)] (1

1 .
where x; =[X;1, X5, X;,, ] € R s the state vector of the
i-th agent, 4 eR"™ , B, eR™™ are two known
matrices with appropriate dimension, u,(r) e R""™ is

control input that will be designed, f(x;(t))eR"*

represents the unknown nonlinear function.
Definition 1: Consider the i-th and j-th follower agent
systems such as agent system (1), if there exists matrix

F e R (F, #0) , matrix K, e R"*" , and a known

matrix J; e R"/ " satisfying the following condition:

Fi(4+BK) = (4, +B,K)F,
@)

FB,=B,J;

Definition 2: In (2), the matrices F;, K; and J; are named
as similar parameters.
Assumption 1: For any uncertain continuous nonlinear

function f;(¥;) on compact set () cR" , it can be

approximated by the universal approximation property of
the following RBF neural network.

fl-(xi):WiT(pi(xi)+£i,in X9 3)

where 7, e R*"% represents the ideal weight matrix that
can be updated online automatically. & e R% “I denotes the
approximation accuracy with bounded value & , and

satisfies the condition ||8,~ || <&, in which, & is a known

positive constant. Q is approximation domain that is
commonly chosen to be large enough.

@ (x;) =[@1(%) P2 (x,)s- -, @y, (x;)] € R**!is the RBFNN

vector with s; being the number of basic functions.
Generally speaking, the Gaussian function is selected as:

2

o (x,->=exp(—Hx"2_$> @)

18j

where |4 represents the 2-norm, £, = [£4,, t, 2+, His,, I

is the center of the RBFNN, and o, represents the width

of the Gaussian function.

3 DESIGN OF DISTRIBUTED FEEDBACK ADAPTIVE
RBFNN CONTROLLER WITH SIMILAR PARAMETERS

With Definition 1 of similar heterogeneous MASs (1),
the consensus tracking error is defined as

6;(t) = Fx;(t)—F;x;(t) , ¢ eR" stands for the local

cooperative tracking error denoted as the following
equation form:

N
¢ ()= a;(Fx,() = Fyx; (1)) (5)
j=1

The distributed feedback adaptive RBFNN control
with similar parameters is designed as

N
u; = ¢, Ky a;[Fix, (1) = Fox (0] + K,x, () +
= (6)

+I?[Fixi(t) —ijj(t)]—VI_/iTgoi(xi)

where W, is the estimated value of W;, W, = W, =W, is the
estimated error. The adaptive law for W; estimation is
constructed as the following expression:

W, = =1, W, + 6,0, (x;)(PB;J ) e;(t) ()

1
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The adaptive update law of the coupling weight ¢; is
designed as

éi = _ncici cz l (t)(PB ‘)Ee[ (t) (8)

where the positive parameters 77, , 7, , 7., and 0,; are

given by the user.

For any given positive matrix Q, the control gain K
and the positive symmetric matrix P can be obtained by
solving the following linear matrix inequality (LMI)

g

where X >0, 0 >0, A=A, X + XA] +D; X +XD] +

+EM+M TE , control gain K = px ! and matrix

P = x!are designed.

Let X;(t)=F;x;(¢) , according to Definition 1 and
applying control protocol (6) with adaptive laws (7) to (8),
the following transformation can be obtained as:

x(t) (4, +B,K,; )Fx(t)+BJK5 +BJKce +

(10)
+B,J; (- W/ p,(x)+¢)

Based on (10), the derivative of the consensus tracking
error can be expressed as

6,(1) =X,()—X;(1)=(4; + B,K ; + B,.J ,K)5,(1) +

_ . (11
+B,J ;Keie, +B,J (W, ¢,(x;)+é;)
Eq. (11) can be further rewritten as
5(t)=[Iy ®(4;+B,K;+B,J ,K)+cH®B,J K]-
(12)

5(t)+ZBjJ [ p,(x,)+ ]

where (1) =[] (1), 05 O] se=[c] -+ en ]

For the consensus stability control task of
heterogeneous nonlinear MASs with different dimensions,
Theorem 1 is proposed.

Theorem 1: Consider the MASs (1), where the similar
parameters among each agent can be obtained by using
Definition 1, the feedback control (6) with adaptive laws
(7) to (8) with similar matrices K;, Fi, K; and J;can ensure
that all signals in the closed-loop system (13) are UUB, the
consensus tracking errors satisfy the following bound.

ﬁ/a _ 13
Jim ol < VA Uy ®P) =

Proof: Supposing the candidate Lyapunov function is
defined as

P =167 OH @ PO+ 0 e+

1 N s (14)
5 2 (080
Derivation of (14) is obtained as:
5 1 T —_—
V() =55 (O{H ®[P(4; +B,K; + B;J ,K) +
+(4,+BK; +Bij1?)TP]}5(t)+
(15)

+§T(t)(H®PBJ-Jj)£+Z[9 ¢/ ¢ +el ¢,PB,J;Ke; +

ci “i v
i=1

I (06 W(0)~ ] PB,J ] 9,(x)]

where ¢ =[g] ,&;,...,65] . From the update laws (7)

and (8), the inequality (15) is further simplified to
. 1 _
V(t) < Eaf (1){H ®[P(4; +B,K; +B;J K)+
+(4; +B;K; +B,J K) P1}5(1)+ (16)

+5T(t)(H®PB )g chl 2 Zn(ut "'TW_/

l i
llCl i=

Owing to the following inequalities hold:

ot
0.

wl

< -

1 i T 77 1 77(1)1 T
20, g, a7

=

Then Eq. (16) is equal to the following inequality:

5 l T pa—
V()< 8" (OH ®IP(A; + B,K; + B, K)+

(4, +BK, +BJ.JJ.I?)TP]}5(t)—%cTc— (18)

c

Lo iy ST @ PBT YE - e Ty
20 20

[2] [2]

If we denote a:min{

Aumin (H ® O) 2
(HeP) ')

mm

p=|o| |t e rBJ |7+ 77‘“ WW | inequality (18) is

equivalent to the followmg forrnat.
V()< -aV () +f (19)

Integrating both sides of the inequality (19), then it
follows that

V()< (V(0)- g)e*m‘ +§ (20)

According to the result shown as (20), it easily can be
seen that V(¢) is bounded with ¢ — 0, so all signals in the
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closed-loop system can satisfy semi-globally UUB. In
terms of the Lyapunov function (14), the following
inequality is also established:

%;me (HOP)|s] < %f (H®P)5 <V (1) Q1)

Therefore, the following formula holds:

. Bla B
fimflo] < Ve Uy ®P) " -

The norm of consensus tracking errors J satisfies the
boundary value y, which completes the proof of Theorem
1.

Remark 1: The inequality P(4; +B;K; +B,J K)+
(A, +B,K,;+B,J;K) P<-Q is a nonlinear inequality

with unknown matrices P>0, @>0, and K . Denoting

= — = ~_ -l
Dj_BjKj’ Ej_Bij: M=KX , O0=0 , then

multiplying the left and the right sides of this inequality by
X, it can get the following equation

T T T T
AX+XA +D, X+ XD, +EM+M'E} + X' OX<0 (23)

By employing Schur's complement Lemma, inequality
(23) is equivalent to LMI (9).

4  SIMULATION EXAMPLES

In this section, two classes of multi-agent systems with
the same dimension and different dimensions are provided
to demonstrate the effectiveness of the proposed control
method.

Example 1: The network topology diagram with 5
agents is shown as in Fig. 1.

Figure 1 Communication topology of five agent systems

From Fig.1, it can be easily obtained that the Laplace
matrix is written as

I -1 0 0 0
0 4 -05 -15 -1
L=|0 -0.5 05 0 o0
0 -15 0 25 -1
0 -1 0 -1 2

All agents in the nonlinear MASs described by Eq. (1)
have the same dimension.

In this example, as shown in Fig. 1, in order to compare
with other controllers, the dynamics equation in [7] is
considered as follows

{§i<r>=vi 0 24
vi(#) = fi(t,5;(0),v; (D) +u; (1) + g, (1)
where i = 1, ..., 5, s; and v; are the position and velocity

states of agent i, respectively. f;(Z,s;(¢),v;(t)) = sin(s; (¢))
denotes the unknown nonlinear function and g; () is the
external disturbance. For the leader system, #;(f) =0 and
g,(®) =0 . If we define s;(¢) = x;;(¢) , v;(¥) =x;5(¢) and
denote state vector x,(t)=[x;(1),x,,(t)]" , then (24)
becomes

0 1 0
x; ()= [0 0} x;(t) +[J(fi &) +u;(t)+g; (1) (25)

If all matrices in the system equations of each agent

0 1
(25) are the same that are represented by: 4; = { 0 O} ,

1

similar parameters and control gain can be obtained as
1 0 3.2945 1.9767
K, =[-1,-2], F = , P= ,

0
B, :{ } By using Definition 1 and solving LMI (9),

o 1 1.9767 3.2945
K =[-1.9688,—1.2812] .

The initial values of coupling weight in (6) are chosen
as ci(0) = 1, the initial states of the agents are selected as

x,(0)=[0,5,-3,6,—7]" and x,,(0)=[0,2,-1,2,1]" .The
initial values of adaptive estimation parameters W,«(t) are
given as:

W,(0) =[0.49,0.45,0.41,0.46,0.391",
W, (0) =[0.09,0.22,0.10,0.13,0.05]" >
W,(0) =[0.10,0.27,0.31,0.11,0.21]" ,
W,(0)=[0.19,0.15,0.17,0.14,0.21]" ,
Ws(0) =[0.15,0.12,0.25,0.21,0.311" ,

W, (0) =[0.06,0.03,0.07,0.02,0.09]" -
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The parameters in the adaptive laws (7) and (8) are
selected as:

1, =15.15,5.13,5.28,5.14,5.96,5.33],
0,; =10.03,0.06,0.02,0.05,0.07,0.01],
1, =[2.16,2.23,2.18,2.24,2.98,2.36] ,
0., =10.05,0.02,0.06,0.04,0.03,0.07] .

Fig. 2 shows the simulation results of the consensus
tracking and errors of homogeneous MASs. The consensus
stabilization of two states by using the proposed feedback
control has very fast speed as shown in (c) and (d), but the
time response of consensus by using the proposed control
in [7] shows low velocity as shown in (a) and (b).

10 )
c‘%“\
x.‘l‘ 0 v, A
i -10
-10 . .. |
0 20 40 0 20 40
Time(s) Time(s)

(a)The time response of X, in [7] (b)The time response of X, in [7]

20| 10
- 10
0 Ho—
-10
-10 R —
0 20 40 0 20 40
Time(s) Time(s)

(c)The time response of X, (d)The time response of X,

by controller (6) by controller (6)
Figure 2 Trajectories of the state of all agents xif)

The time response of estimation ideal weight and the
coupling strength are shown in Fig. 3 and Fig. 4
respectively, which are guaranteed to be UUB. By
comparing these results, it can be concluded that the
control method proposed in this paper has advantages over
the control in [7].

09t ©
,
08 Cy
0.7 K
Cs
06|
o5 0®
o 04
0.4 0.3
o3l 02
0.1
0.2 0
0.1 -0.1
0 1 2 3 4 5 6
0 k&,
0.1 :

0 5 10 15 20 25 30 35 40 45 50
Time(s)
Figure 4 Trajectories of coupling strength among each agent

Example 2: The network topology diagram with 6

agents is shown as in Fig. 5.

Figure 5 Communication topology of six agent systems

From Fig. 5, it can be easily obtained that the Laplace
matrix is written as

(1 -1 0 0 0 0]

01 -1 0 0 0

00 2 0 -1 -1
L:

0 -1 0 2 0 -1

00 -1 0 1 0

00 0 -1 0 1|

Different from example 1 about nonlinear
heterogeneous MASs with the same dimension, each agent
in the nonlinear MASs described by Eq. (1) has different
dimensions, and the matrices such as the following are
defined:

09k estimation HW1 1] 1 0 1 0
' estimation [|W, || 0 1
0.8 estimation [[W, ||| Al = s A2 = _3 2 0 B
07k estimation HWA I _2 1 0 O 1
estimation HW5 1] -
= 06 04
z s ) ]
5 °°f © 01 0 0 0
S g4 02
E - 0 1 00 540 0 0
© o3f O -4
0 g 200 2lo 0 1 0 0
02t 3 0O 0 -1 0
il o 0 0 0 —2 0
: 0 01 02 03 04 05 O 0 0 =2
) (000 0 0 -3
01 ‘ ‘ ‘ ‘ ‘ ‘
0 5 10 15 20 25 30 35 40 45 50
Time(s)
Figure 3 Trajectories of the adaptive estimation parameters W)
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01 0 0 0 O
-6 5 0 0 0 0
0 0-10 0 0
=0 00 20 of
000 0 -3 0
00 0 0 0 —4]
([0 1.0 0 0 0 O]
76 0 0 0 0 0
0 0-1 0 0 0 O
A4=0 0 0 2 0 0 0],
000 0 -3 0 0
0 00 0 0 —4 0
(000 0 0 0 -5]

B, =[0,0;0,1], B, =[0,0;0,1;0,0],
B; =[0,0;0,1;0,,,,0,41, B4 =[0,0;0,1; 05,05, ],
BS :[anaoalz 04><1704><1]: BG = [anaoala 05><1905><1]‘

where O denotes a matrix with every zero element,

0 0
J; = [O J can be obtained by using Definition 1, and the

similar parameters are received as:

X - 0 0 X = 0 0 1 Fol
1~ 0 _2 b} 2~ 1 _3 O s 1 — £2x2 »
0O 0 1 1 0 0 1 1 1
K3: 7K4: 5
2 4 0 0 3 -5 0 00
Fzz[lzxz Ole], F3:[12x2 Ozxz],
_{0 0 1 1 11

ST14 26 0 0 0 O}aEt:[szz 02x3]7

K_0011111F_[10]
6_5_700000a 5 T L2x2 2x4 | »

Fé) = [12><2 OZXS] .

By solving LMI (9), Control gain matrix is

E:{ 03750 0.6250} and the positive matrix
-0.9687 -2.2812| °
obained as P = {3.2945 1.9767}

1.9767 3.2945|"

The nonlinear function is described by:

f:(x;) =[x, sin(x,,) + x,, sin(x;, ) cos(x;, ), x,, sin(x;, )]T

The initial states of each agent are selected as:

x,(0)=12.0,1.8] > x,(0) =[0.3,-1.6,1.01 >

x;(0)=[1.9,2.4,15,0.2]" >

x,(0)=[1.1,2.9,-1.0,1.6,2.41"

x5(0) =[-0.9,0.6,2.1,-1.1,-1.3,2.21"»

x5(0)=[2.5,0.2,0.1,2.4,1.0,1.1,2.01" -

estimation |\Wi||

The original values of the coupling strength and
adaptive parameters and the parameters in adaptive laws
(7) and (8) are the same as in case 2. The simulation results
are shown as Fig. 6, Fig. 7, Fig. 8.

X7

5 5
0 AL S o\
-5 -5
0 5 10 15 20 0 5 10 15 20
Time(s) Time(s)
(a) (b)
5 5
i N
-5 -5
0 5 10 15 20 0 5 10 15 20
Time(s) Time(s)
(c) (d)
5 5
ob 2ok
-5 -5
0 5 10 15 20 0 5 10 15 20
Time(s) Time(s)
(e) ()
5
0
-5

0 5 10 15
Time(s)

20

(9)
Figure 6 Consensus of states x; of heterogeneous MASs with different

0.8
0.7
06
05F 04j
0.4
03

0.2 0 ’k
0.1
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-0.1
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3

T T

estimation ||W1 Il

estimation ||W2H

estimation ||W3H

estimation ||W4H

estimation ||W5H

estimation ||W6H

8 10
Time(s)

12 14 16 18

Figure 7 Trajectories of the adaptive estimation parameters Wi(t)
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Time(s)
Figure 8 Trajectories of coupling strength among each agent

Each agent in the heterogeneous MASs has distinct
dimensions, as shown in Fig. 6. The proposed distributed
feedback RBFNN adaptive control protocol allows all
agents' states to reach a consistent response rapidly. The
RBFNN's coupling weights in Fig. 7 can ultimately be
consistent and constrained. In Fig. 8, the time response of
the determined coupling strengths is bounded.

5 CONCLUSIONS

A distributed RBFNN control scheme with similar
parameters is being developed. Each agent in the
heterogeneous nonlinear MASs with similar characteristics
can be used as a leader, and other agents can track the
leader's dynamic behaviors using the proposed control
scheme, and all signals in closed-loop systems are
guaranteed to be UUB. The effectiveness and advantage of
the control design are demonstrated in two examples with
comparison results. It should be noted that the similar
condition in Definition only can be used to a class of
heterogeneous MASs with canonical form. Our future
research work will focus on design consensus control for
some heterogeneous nonlinear multi-agent with strict
feedback form and different dimensions.
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