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Leader-follower Consensus of Upper-triangular

Nonlinear Multi-agent Systems

Chenghui Zhang

Abstract—This paper is concerned with the leader-follower
consensus problem by using both state and output feedback for
a class of nonlinear multi-agent systems. The agents considered
here are all identical upper-triangular nonlinear systems which
satisfy the Lipschitz growth condition. First, it is shown that the
leader-follower consensus problem is equivalent to the control
design problem of a high-dimensional multi-variable system.
Second, by introducing an appropriate state transformation, the
control design problem can be converted into the problem of
finding a constant parameter, which can be obtained by solving
the Lyapunov equation and estimating the nonlinear terms of the
given system. At last, an example is given to verify effectiveness
of the proposed consensus algorithms.

Index Terms—Multi-agent systems, leader-follower consensus,
upper-triangular nonlinear systems, Lipschitz condition.

I. INTRODUCTION

N recent years, there has been an increasing research

interest in the coordinated control problems of the multi-
agent systems[' I, which have wide applications in many
fields, such as biology, robotics, communications and sensor
networks, etc.

There are many unsolved problems in the research area
of multi-agent systems. One difficult problem is that the
structures of many multi-agent systems, especially some non-
linear multi-agent systems, are too complex to deal with.
A lot of literature has studied this problem, for example,
[2,3,10] studied the linear systems, [5,8,9,11] dealt with
the second-order agent systems, [4] presented necessary and
sufficient conditions for the consensus of multi-agent systems
described by Vicsek’s model. Another difficult problem is that
the multi-agent systems greatly differ from each other in the
communication topologies. Reference [1] studied the problem
that the information received by each agent is corrupted by
measurement noises. References [11, 12] addressed consensus
problems when the information is with or without communica-
tion delay. Reference [13] worked on the consensus behavior
of multi-agent systems under digital network topology. The
consensus problem with input constraints was considered in
[14].

A critical problem for coordinated control is the consen-
sus problem, which is to design appropriate protocols and
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algorithms such that the group of agents can reach a con-
sensus on the shared information in the presence of limited
and unreliable information exchange. Recently, the consensus
problem has been studied for multi-agent systems in a general
form. Reference [2] studied the consensus problem for multi-
agent linear dynamic systems. Reference [6] designed the
global H,, consensus algorithms for a class of multi-agent
nonlinear systems with Lipschitz non-linearity and directed
communication graphs.

Due to the existence of abundant nonlinear physical systems
in practical and the need of precise simulation to describe
many commonly observed phenomena, the study of nonlinear
multi-agent systems is getting more and more important.
Because of complexity of nonlinearity, there is no control
procedure which can be applied to all nonlinear multi-agent
systems. But there are several effective ways to design con-
trollers for some nonlinear systems that can be transformed
into specific nonlinear forms. The lower-triangular nonlinear
multi-agent systems have been studied in [7, 15, 16], but to our
best knowledge, there is no literature which has handled the
upper-triangular nonlinear multi-agent systems.

In our work, the leader-follower consensus problem is
studied for the upper-triangular nonlinear multi-agent systems
with fixed (time-invariant) communication topologies. The
consensus protocols of both the local state and observer-
based dynamic output are considered. Compared to the lower-
triangular systems studied in [7, 15, 16], the consensus problem
of the upper-triangular nonlinear systems is harder, as the input
appears in every nonlinear term.

Inspired by [17—20], we introduce a rescaling transforma-
tion and have a new design freedom to stabilize the errors
between the leader signals and follower signals. When the
full state is not available, observers can be designed such that
their signals asymptotically approach the signals of agents.
As a result, using the observer-based compensation, dynamic
output consensus protocol can be constructed. An example is
given to illustrate the proposed consensus algorithms at the
end of this paper.

Throughout this work, || - || denotes the Euclidean norm for
a vector, or the induced Euclidean norm for a matrix.

II. GRAPH THEORY AND PROBLEM STATEMENT
A. Graph Theory

In this section, we present some definitions, notations and
lemmas in graph theory, which will be used in our paper. A
simple graph is an undirected graph if it has no self-loops and
no more than one edge between any two different nodes. The
simple graph denoted by G(V, S, .A) consists of an N node
set V, an edge set & and a weighted adjacency matrix A =
[ai;] € RY*N. We denote the nodes in V' as {s1, 2, , Sy }-
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The edge of the graph G, e;; = (s;,5s;), belongs to . The
graph is undirected, i.e., once e;; € 3, then ej; € J. As the
graph is a simple graph, the adjacency matrix is defined as
a; = 0 and a;; = aj; > 0(i # j), where a;; > 0 if and
only if e;; € 3. A path in G between s; and s; is a sequence
of edges of the form (s1,si),k = 1,2,---,j. The graph G
is said to be connected if there exists a path between any
two nodes of GG. The neighbor set of node s; is defined as
Ni = {s; € V:ey € \s} The degree of G is a diagonal
matrix D = diag{di,--- ,dn}, where d; = ) __ en, @ij for
i=1,2,---,N. The Laplac1an matrix of graph é is defined
as L.=D — .A It is apparent that the Laplacian matrix £ is
symmetric. H is a subgraph of G, i.e., any two nodes of H
are adjacent in H only if they are adjacent in G. Subgraph H
of G is called component of G if it is a maximal connected
subgraph.

We consider N modes in V as N agents, whose relationship
can be described by the simple and undirected graph G.
(si,s5) is an edge of G if and only if agent 7 and j are
neighbors. Moreover, we have another graph G whose node
set is {so}UV. G is the subgraph of G, and sy is considered as
the leader. The edge eg; = (so, s;) exists if and only if agent
j connects to the leader (j = 1,2,---, N). The degree matrix
of G is denoted by B = diag{by,--- ,by }, where b; > 0 is the
adjacency weight between agent 7 and the leader. b; = 0 means
that agent 7 does not connect to the leader. G is connected if at
least one agent in each component of G is connected with the
leader. We define £ = £ + B, and have the following useful
lemma about L.

Lemma 10571, If graph G is connected, then the symmetric
matrix £ associated with G is positive definite.

B. Problem Statement

In this paper, we deal with a group of N + 1 agents with
identical upper-triangular nonlinear dynamics, where the agent
indexed by O is referred as the leader and the other agents
indexed by 1,2,--- , N are called followers. The communica-
tion topology of the N + 1 agents is denoted by G, while the
topology of the N followers is denoted by G. For the agents,
we have the following assumptions.

Assumption 1. All follower agents know the input of
the leader, and the information between the leader and any
follower agent is unidirectional, i.e., the leader receives no
information from any follower agent.

Assumption 2. The communication topology of the NV + 1
agents is connected, i.e., the graph G is connected.

For agent k (k = 0,1,--- , N), the system has the following

form
Tp1 = Tho+ f1(t, Th3, Thodas s Thon, Uk),
Tro =xp3+ fo(t, T, - Thon, Uk),
EThn—2 = Thyn— 1+fn 2(t, T, Uk, (1
:Ek:n 1 —xkn+fn l(t uk)
zk,n Uk,
Yk = Tk,1,
where z,; € R(i=1,2,--- ,n), yx € R and u;, € R repre-

sent the state, output, and input of the kth agent, respectively,
and nonlinear function f; (i = 1,2,--- ,n — 1) represents the

nonlinear effect within the kth agent, and satisfy the following
growth assumption.

Assumption 3. For p,¢q = 0,1,--- N, and any
(tv Tp,i+2, " s Tpn, up)’ (t7 Lq,i+2, " s Tq,n, U'Q) € Rt
(i=1,2,--- ,n—1), there exists a constant ¢ > 0, such that

|fi(ta Lp,i+2; """ ’$P7n7up) - fi(ta Lg,it2," " 7mq,n’uq>| <
n—1

c Z |Tp j+2 — Tqjra| + lup —ug | )

j=i

where 2 41 = g ny1 = 0.

Remark 1. Reference [7] considered the leader-follower
consensus problem of a class of multi-agent systems in the
lower-triangular form. Hence, the problem considered here can
be viewed as the counterpart of that in [7]. In our work, the
input of the kth agent can be allowed to be included in all
nonlinear terms of the kth agent, which makes our design
procedure more complicated, compared with [7].

System (1) can be rewritten in the matrix form,

xp = Az + Buy + f(t, 2, ur), 3)
where Ty = [Th1, Th2,  Thn]
B = [O 0,- 70’ 1]T> f(t,fﬂk,u;g) =
[fl(tawk,Sa"' 7xk,n7uk) 7fn71(t7uk)70}T7 and

o1 0 --- 0
o 01 --- 0
A=1 00
o000 --- 1
000 --- 0

Definition 117!, The leader-follower consensus problem of
the nonlinear multi-agent system (1) can be solved by con-
sensus protocol uy, if and only if under the protocol uy, for
any initial condition z;(0) (k =1,2,--- ,N), the state zj(?)
of the follower agent k asymptotically approaches the state
xo(t) of the leader, as ¢ — +oo. That is,

lim ||z, (t) — 2o (t)[| = 0,

t——+o0

k=1,2,---,N.

Our objective is to design consensus protocols by both the
state and output feedback, which solve the leader-follower
consensus problem of the nonlinear multi-agent system (1).

As defined above, G and G are the communication topolo-
gies of the N + 1 agents and the IV follower agents, respec-
tively. We use matrix £ and B to denote the Laplacian matrix
of G and the degree matrix of G, respectively. We get L by
L=L+B. According to Lemma 1, L is positive definite. We
have the following useful lemma about L.

Lemma 207, If £ is positive definite, then thqre exists a
row vector K such that the matrix Iy ® A + L ® BK is
Hurwitz. Furthermore, there exists a positive definite matrix
P satisfying

P(Iy®A+L®BK)+ (Iy® A+ L& BK)TP=—2I.
“)
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III. MAIN RESULTS
A. State Feedback Control

Our main result of the state feedback control problem with
the full states known, can be summarized as the following
theorem.

Theorem 1. Under Assumptions 1~3, the leader-follower
consensus problem of the nonlinear multi-agent system (1) can
be solved by the consensus protocol of the following form, for
k=1,2,---,N,

) + bi(xr — x0)

U, :—KH Zak? + ug,

(&)

where K is a row vector given in Lemma 2, and diagonal
matrix H = diag{1,L,---,L" '}, with L > 1 being a
constant large enough.

Proof. For the consensus problem, we need to consider the
state errors between the leader and followers.

Fork=1,2,--- N, leteg; =xpi—xo; (1 =1,2,--- ,n),
we have
€k1 = €k2 + fr1,
€2 =e€r3+ fio2,
: (6)
ék:,n—l = €k,n + fk,n—h
€k = Aug,
where  Auwy = ur — wug, and  fr, =
il g2, s Tepsue)  —  filt,Tojit2, 0, Tom, Uo),
i=1,2,---,n—1.
The consensus error dynamics (6) can be rewritten as
ér = Aey + BAuy, + 4, (7
where fk = [fk,lv T 7fk,n717 O}T’ € = [ek,lv e ;ek,n]T3

and A, B are given in (3).
Introducing a transformation of coordinates

e = Hey, k=1,2,--- N,

where H = diag{1,L,---,L" 1}, with L > 1 being a
constant to be determined later, system (7) can be converted
into

1
€L = ZAEk + LnilBAuk + Fy, (8)

where Fj, = Hf,.

Denoting € = [eT, e, ,e%]", and using (5), the consen-
sus error dynamics (8) can be further rewritten in the compact
form of

1 14
EZZIN®A8+Z£®BKE+F, )
where F = [FT,FJ, .-
communication topology.

Let V = eTPe, where P is given in Lemma 2. The

derivative of V' along system (9) is given as

,FL]T, and L is defined by the

: 1 .
Vi = 2"PF + 2e"[(Ix® A+ L& BK) P+

X 2
P(In® A+ L® BK)|e = —ZsTe + 26T PF.

(10)
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To get the estimation of the term 2eT PF, the following
estimation of Aw, and f;“ which are contained in F', is
needed.

Noticing the definition of Awuy in (5) and (6), we can get
the following derivation

2

N
1
| Auy|? = T EH > akj(@k — ;) + b(ze —xo) || =
j=1

T

1
K"K x

N
Ton Zakj(sk —Ej) + breg
j=1
N
Zakj(ek —Ej) +breg | <
j—l

Lgn IKTK|(Are)T (Are) <

Lgn IKTK|[Ax Allllell?, (11)
where Ay is defined as Ay = ay ® I,,, with a3, being the kth
row of matrix L.

Using (2) in Assumption 3 and L > 1, the estimates of

fri(i=1,2,--- ,n—1) have the following form
) 3 ) n—1
L7 fioal < el D lengval + [Aug| | <
=i
Ck, +2
Z [Tl + KT KA Axllllell | <
° (1 +\IETRTIAT A ) el (12

where eg 41 = €xnt1 = 0.
With the help of (12), from the definition of F' in (9), we
can get

N N
IFI>=) FiFv=7) (Hf,)"Hf) =

k=1 k=1

N — — —

S U feal? + L2 fral* + - + L2 frm?) <

k=1

R

Zilell, (13)
where ( is dependent on the known constants

IKTKl,  [[AAg]_and c.

max; <p<n ¢(1+ /| KTK ||| AT Ag|). (13) holds.

With (13) and (10), we have

Actually, if >

Vi) < —*HEII2 +2|Pll 75 H6H2

Choosing L > max{j||P||,1} + a, where « is any positive
constant, we get

. a

Vi) < —ﬁ||5||2~

Thus, the state € exponentially converges to the origin, i.e.,
consensus errors e (k = 1,2,--- , N) converge to the origin.
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So we get the full state consensus protocol (5), which solves
the leader-follower consensus problem. (]
Remark 2. Both KTK and AT A are positive definite
matrices, so their norms can be replaced by the maximum
of their eigenvalues.
Remark 3. From the definition A;, = aj, ® I,, in (11), one
can calculate that

Af A= (@ 1I,) (ax ® I,) =
(afap) ® I,,.

Since det(My —af ag) = AN A—agal |, all eigenvalues
of ATAy equal 0 or apaf. It is easy to get the maximal
eigenvalue of Al A;.

Remark 4. It can be seen that the study of upper-triangular
multi-agent systems is more difficult than that of lower-
triangular multi-agent systems, as the input is allowed to ap-
pear in each nonlinear term of the upper-triangular multi-agent
systems. To our best knowledge, there is no literature dealing
with the upper-triangular multi-agent systems. Compared with
the technologies used to study the lower-triangular multi-agent
systems in [7, 15, 16], the algorithm in our paper is novel and
easy to design.

B. Output Feedback Control

In this section, the output feedback protocol problem is
considered when the full state is not available.

First, we construct the observers for all agents and the inputs
for the follower agents.

Following the ideas of [17—20], the observer of every agent
has the following form, for Kk =0,1,--- | N,

T = Te2+ [1(t Doz, s B, un) + F

Ty = T3+ folt, Tpa, -

(xr1 — Tx,1),
s Thons Uk) + 75 (Th1 — Tr1)

=% (1 — Tr1),

(Th1 — Bk,1) s

7?%:,'@—2 = j:k:,n—l + fn—2(t7 jjk,'ru uk) +
J?'k,n—l - j:k:,n + fTL—l(t7 uk) + 2’:1111
T = up + 7% (Tp1 — Tr1),

(14)

where L > 1 will be determined later, and ¢; > 0(i =
1,2,--- ,n) are coefficients of a Hurwitz polynomial

q(8) = 8"+ 18"+ ep15+ cp.
The input of agent k has the form of
N

Zakj(ﬁkfﬁj)ﬁ’bk(.’ik*.’i)o) +”LL0,
j=1

1
=—KH

Uk = n

(15)
where diagonal matrix H = diag{1,L,---,L"" '}, & =

[Tk1, Tk 2, , Tk is the state variable of observers, and
K is the row vector determined in Lemma 2.
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For the kth agent, the observer error is defined as Ty ; =
Zp; — 2k, (3 = 1,2,--- ,n). From (1) and (14), a simple
calculation gives

Tpa = T2 + fog — Tk,
Tro =Tp3+ fr2 — 3Tk,

~ ~ 2 Cn—2 ~
Thn2=Tkn-1+t fen-2— Th=zTk1,
~ ~ r Cn—1 =
Lkn—1 = Tkn + fk,n—l - Tn—1Lk,1,

5 I
Tkn = _ﬁxk,la
Where fk‘.,i = fl(t7 ik,i+27 e 7i.k‘,n7 uk) -
filt, Thivo, - T, ug), for i =1,2,--- ,n—1.
We denote Ty, = [Tk,1, T2, ,ikm]T. Similar to the idea

of [20], we introduce the transformation X, = Hz}, and have
that

. 1 = _
Xk:ECXk + frs (16)
where
—c; 10 0 fi
- 0 1 0 Lfy.»
C= : N R S :
—Cp—1 0 0 -+ 1 L7l_2fk7n_1
-, 0 0 --- 0 0

~ Since ¢(s) is a Hurwitz polynomial, it can be concluded that
C is a stable matrix. Therefore, there exists a positive definite
matrix P such that
PC+C'P=—1I.
Let Vi, = X, PX)(k = 0,1,---,N) be the Lyapunov

functions, and we have

- 1 o

Vil (16) < _EHX/C”Q+2||Xk||HPH||ka' (17)

Now we give the estimation of ||f, || in (17). Noticing f,, =
. ,fkﬁn_h()]T, from Assumption 3, one has, for i =

[ k,1y°
1a27"' ,Tl—l,
B n—1 c
L7 fral < el ™" @k jpal < 72 Vil Xl
=i
Hence
N 1 = -
Vilae) < *ZIIXkIIQ + 2[[ Xkl PIfell < (18)
1 2nc|| P||
— IX sl X5l
LH kll* + 72 [ X k|l
Second, we will consider the errors between the observers.
For £k = 1,2,--- , N, denoting e, = &, — &g, where ; =
e, ,£k7n]T, Ty = [Bo,1,- - ,:%O,n]T and introducing a

rescaling transformation €, = Hey, with (14), one can obtain
1 1 1
én = 7 Aex + L" 'BAuy, + Fy + 0% = 70 (19

where A, B are given in (3), Auy = u, — ug, F = ka,
with fk = f(t,:i:k,uk) — f(t,.’i‘(),’u,()), and

—¢, 0 -+ 0
—C2 0 0
C = .
—c, 0 0
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Introducing (15) into (19), we get

N
) 1 1
én= pAex+ T BE | Y ai;(er — &) +biex | +
j=1
Frt 208, — 2C80, k=12 . N. (0)
k I k T 0 = 1,4 IEAR
Denoting € = [e],--- ey, X = [&] —%g,--- , &5 —
-’EOT]T, F=[FT, ... [F%]", the compact form of (20) can be
written as

(IN®A)E+ (£®BK)6+ (IN®C)X+F

21

where £ is defined by the communication topology.

From Lemma 2, one knows that there exists a positive
definite matrix P such that (4) holds.

We consider the Lyapunov function V; = €' Pe, whose
derivative along system (21) is

Vil an) = f%HsHQ + 2eTP(Iy 2 C)X + 2T PF. (22)

To get the estimation of the term 2eTPF, the following
estimation of Awuy and f,, which are contained in F, is
needed.

From the definition of Awuy in (15) and (19), we can get

N
1
|Auk| = LnKH Zak] $k*$J)+bk($kfmo) =

Jj=1

1 N

o 1K D arjler —€5) +biey || <
j=1

Akl

n k 5

where Ay is defined as Ay = ax ® I,,, with oy, being the kth

row of matrix E
To estimate f x> we need to estimate fk ; which is the ith
element of f - Fori=1,2-.-- . n—1, we have

= L171|fi(tai‘k,i+27"' Bk, U )—

fi(t, Zoiv2, -+ s Ton, uo)| <
c ¢
ﬁ\/ﬁHEkH + I Axllle]l-

Using the estimation for L~ f;. ;, we can get the estimation
of ||F|| as follows

ZIIerII2

N

c C ?
Zn(ﬁmekn+ﬁHKH||Ak.H||sH) <
k=1
N

2c?
> (Gtlent? + 5
z 2
2 el

IF||* =

K A ||e||2)

(23)

where (3 is dependent on the known constants || A, | K], ¢,
n and N.
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From (22) and (23), one obtains

. 2 2

Vil £ — ZHEH2 + 2 lelllPlllliiy © CliX+
2IIEIIIIPIIIII"II <
- *HEHQ PN @ Cll(£z IIEII2 +[1X[1*)+
ﬁllpHIIEII2 <

1
+ (v @ Cll + 28 Pllllel*+
IPI[[In @ CIX .

2
— = el
(24

Theorem 2. Under Assumptions 1~3, the consensus prob-
lem of the multi-agent system (1) can be solved by the
dynamic output consensus protocol of the form (14) and (15).

Proof. We choose the Lyapunov function as

N
V=V+ Z 71 Vi,
k=0

where V; and Vj have been defined before, 7 (k =
0,1,---,N) are positive constants to be decided later.

With (18) and (24), the derivative of V' has the following
calculation

N
Vlaey, 21 = Vi + Z?‘ka <
k=0
N
2nc||PH 2
5 (-2t + n 2L i ) - 2+
k=0

1
7z (1Iv @ Cll + 28| Pllel® + 1Pl Iy @ Cll1X |1

If we choose

1 _
L = max{|Pl|(5 + 5|y @ C|) 2nc]| P, 1} + a2, az >0,
Tk_L’ﬂ 2||P||||IN®C||+OQ7 k:1727"'7N7
2N
ro 2 1PN ® Cfl + az,
then, we can get
« N o
. 2 2
V0ae),21) < —ﬁ||5||2 - Z ﬁHXkHQ'
k=0

Thus, the state &; — o of the closed-loop system (1) and
(14) with protocol (15) is asymptotically stable at Z; —Zy = 0.

Noticing the fact that L satisfies L > max{2nc||P||, 1}+ax,
and using (22), one can get

Vile) < —7||Xk||2

which indicates X is asymptotically stable at X; = 0. With
the definition of X in (16), &) is also asymptotically stable
at z = 0.

As x, —xog = T —Xo—Zr+Zo, with the knowledge that the
terms & — £, T, and &y are all asymptotically stable under
protocol (14) and (15), it is certain that the global asymptotic
stability of term x; —x( is guaranteed. Then the protocol (14)
and (15) can be used to solve the consensus reaching problem
of the multi-agent system (1).
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O

Remark 5. It is obvious that the observer of every agent

used in our paper can only use the output signal of its own

agent. This is much simpler and more efficient to design the
observers for multi-agent system.

IV. A NUMERICAL EXAMPLE

To illustrate the designed protocols, the following numerical
example is presented.

We consider a group of 3 4+ 1 agents with the identical
nonlinear dynamics, which are indexed by 0,1,2,3. In this
multi-agent system, the agent indexed by 0 is referred as the
leader, and the agents indexed by 1,2, 3 are called followers.
We also assume that all the follower agents know the input of
the leader. For k£ = 0,1, 2, 3, agent k is described by

Tp1 = Tpo + mfﬂk,s + %Sin(uk),

J:Jk,2 = Tk,3 + Wuka (25)
Tk,3 = Uk,

Yk = Tk,1-

The communication topology graph is shown in Fig. 1.

Fig.1. Communication topology.

The adjacency matrix and degree matrix of the follower
agents are denoted by A and B, respectively. From Fig. 1, A
and B can be defined as follows

0 0 0 4 0 0
010 0 0 4
It is easy to verify that Assumptions 1~3 hold for this multi-

agent system, and ¢ = 0.2.
First, the state feedback consensus protocol provided in
Section III-A has the form of

3
up, = KH Zakj(xk—zj)—kbk(xk —:L‘()) + uop, (26)
Jj=1

where K = [—0.2,—0.7,-0.6], H = diag{-5, 75, +}, with
L =10, ay; is the element in the kth row and jth column of
matrix A, and by, is the kth diagonal element of matrix B.
Fig.2 shows the state responses of the closed-loop system
consisting of (25) and (26), with the initial condition that

z0(0) = [2,-2,0]", =(0) =[1,0,-1]T,
1'2(0) = [077131]’117 1:3(0) = [717130]T7
and ug(t) = 0.
It can be seen that the signals of all follower agents do
asymptotically tend to the states of the leader in Fig. 3, which

shows the convergence of errors between the signals of the
leader and followers.

Second, we consider the output feedback consensus prob-
lem. Using the method in Section III-B, the observer for agent
k(k =0,1,2,3) can be designed as

X oA 1 N 1 - 1.1 ~
Tri=Tr2+ sz Te3 1 g sin(ur) + 7 (Tea — x,1)
A - 1 0.8 -
Tr2=Tp3+55=7Uk + T2 (g1 — E1),
2 0.1 N
Trz=up+73 (Th1 — Tp1) -

27

(a) The states xy 1

(b) The states 2

(c) The states xy 3

Fig.2. The state responses of the closed-loop system with state
consensus protocol.

Then, for &k = 1,2, 3, the input u; of each follower agent
has the following form

3
1 R N N .
Up = FKH E akj(a:k —.‘L‘j) + bk(xk —(L‘o) , (28)
j=1

where Z; ; is defined in (27), ay; is the element in the kth
row and jth column of the matrix A, by is the kth diagonal
element of the matrix B, K = [-0.2,—0.7,—0.6], and H =
diag{ 75, 7=, 1} with L = 20.

We also set the initial condition as before and the initial
observer signals to be zero. Figs.4 and 5 show the states,
the errors of the signals between the leader and followers
of the closed-loop system consisting of (25), (27) and (28),
respectively.

(a) The errors 5,1 — 0,1
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(b) The errors zy 2 — 0,2

(c) The errors xx 3 — x0,3

Fig.3. The error responses of the closed-loop system with state
consensus protocol.

(a) The states xy 1

(b) The states o

(c) The states xy 3

Fig.4. The states responses of the closed-loop system with output
consensus protocol.

(a) The errors z3,1 — 0,1
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(b) The errors xy 2 — 0,2

(c) The errors Tk 3 — 0,3

Fig.5. The error responses of the closed-loop system with output
consensus protocol.

V. CONCLUSIONS

In this paper, we study the leader-follower consensus prob-
lem for a class of nonlinear multi-agent systems. Each agent
has the identical nonlinear form and is coupled with an
undirected communication topology. Different from [7], in
our work, the input of the kth agent can be included in
all nonlinear terms of the kth agent. Under the condition
of undirected communication, we construct two consensus
protocols, full state and dynamic output consensus protocol,
for a class of nonlinear multi-agent systems.
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