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Abstract: This paper considers the distributed tracking control problem for a class of nonlinear multi-
agent systems with nonlinearly parameterized control coefficients and inherent nonlinearities. The
essential of multi-agent systems makes it difficult to directly generalize the existing works for single
nonlinearly parameterized systems with uncontrollable unstable linearization to the case in this paper.
To dominate the inherent nonlinearities and nonlinear parametric uncertainties, a powerful distributed
adaptive tracking control is presented by combing the algebra graph theory with the distributed back-
stepping method, which guarantees that all the closed-loop system signals are global bounded while the
range of the tracking error between the follower’s output and the leader’s output can be tuned arbitrarily
small. Finally, a numerical example is provided to verify the validity of the developed methods.
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1. Introduction

Uncertainty is an important consideration when discussing a control system with satisfactory per-
formance [1, 2]. As the most common uncertainty, parametric uncertainty exists in various practical
control problems, for which a large number of integrated theories have been obtained for compensating
this uncertainty over past decades, such as [3—8]. Unlike the parametric uncertainty in nonlinearities,
the case in the control coefficients means that the range of the controller can not be determined.

Cooperative control of multi-agent systems (MASs) with parametric uncertainty has received con-
siderable attention in recent years for constructing distributed controllers to ensure that all agent
reaches consensus on each other (leaderless consensus) or the leader (leader-following consensus)
in [9, 10] and [11-14]. Specifically, the global full-state synchronization of networks of nonidentical
Euler-Lagrange systems with a linear parametrization is achieved in [9]. By employing the Artstein
model reduction method, robust consensus control is completed in [10], where the parametric uncer-
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tainty is illustrated by the uncertain time-varying system matrices with known bound. By the dis-
tributed model reference adaptive control, the consensus problem is investigated for a group of linear
subsystems with unknown parameters in [11]. Especially, the bounds of the unknown parameters are
not required. In [12-14], the backstepping-based consensus tracking control schemes are presented
for parametric strict-feedback systems. However, these results are inapplicable for the case that the
system with inherent nonlinearities, i.e., the system with uncontrollable unstable linearization. To our
knowledge, no investigation is available for distributed tracking control of nonlinear multi-agent sys-
tems with inherent nonlinearities and nonlinear parametric uncertainties both in the control coefficients
and in the system nonlinearities.

This paper is devoted to the powerful compensation for nonlinear parametric uncertainties and to the
distributed adaptive tracking control for a class of nonlinear multi-agent systems with rather inherent
nonlinearities. The generality of the systems and the challenge of the control design distinguishing
this paper from existing techniques are illustrated by that: (1) The nonlinear parametric uncertainties
appear in the control coefficients, which, however, is removed in the related works [12-21]. Besides,
the unknown parameter vector is without known bounds rather than that in [10]. How to skillfully
separate the parametric uncertainty from the control coeflicients is an essential step, and how to cancel
the influence of the parametric uncertainty for the control is a significant work. (2) The considered
systems are inherent nonlinearities unlike those in [12—14, 22], which renders us to search for a
powerful tracking control scheme to deal with the inherent nonlinearities. (3) Different from the results
for single systems such as [6, 7, 23, 24], the MASs motivate us to design a distributed tracking control
based on not only the individual dynamics of the systems but also the interconnection pattern among
them. A direct result is more technical Lyapunov function construction and more complex calculation.

In this paper, to compensate the nonlinear parametric uncertainties and realize the tracking aim for
a class of nonlinear MASs, a distributed adaptive tracking control scheme is raised by combing the
algebra graph theory with the distributed integrator backstepping method. Specifically, a parameter
separation technique is adopted first, based on which we separate out the unknown parameter vector
from unknown control coeflicients and unknown nonlinearities. Then, on the basis of the algebra graph
theory, we generate a new variable from the tracking error with desirable properties, which uses the
relative state information between the leader and the agents, and is a foundation for the control design
and performance analysis later. Finally, by the distributed integrator backstepping method, we give the
update law to accurate estimate the unknown parameter and the explicit controller for the MASs in an
iterative manner. Note that during the design scheme, the most important is to cancel the effects of the
unknown coefficients and the inherent nonlinearities.

The rest of the paper is organized as follows. Section 2 presents some preliminary knowledge and
the problem formulation. Section 3 provides the distributed tracking controllers. Section 4 summarizes
the verification for the performance of the closed-loop system. Section 5 offers a numerical example,
and Section 6 gives some concluding remarks.

2. Preliminary knowledge and problem formulation
This paper aims to the distribute tracking control design for a class of high-order nonlinear MASs.
In this section, we will give the specific MASs structure and problem formulation. Before that, we

first introduce some graph theories and technical lemmas which are foundational for understanding the
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MASSs and play an important role for the control design of this paper.

2.1. Graph theory and technical lemmas

Let a weighted digraph of order n be G = (v, &, A), where the set of nodes, the set of arcs and a
weighted adjacency matrix are respectively defined as v = {1,2,...,n},e CvXvand A = (a;j)ux, With
nonnegative elements. The agent j directly sends information to agent i is represented by (j, i) € &, in
which case, j is called the parent of i, while i is called the child of j. N; ={j € € : (j,i) € &,i # j}
denotes the set of neighbors of vertex x. a; > 0 if node j is a neighbor of i, and otherwise, a; = 0. If
node 7 has neither parent nor child, it is called an isolated node, and if it has no parents but children,
then the node is called a source. Denote the sets composed by all sources and isolated nodes in v as
vy ={j € v|N i = ©, 1s the empty set}. To avoid the trivial cases, v — v, # @ is always assumed
in this paper. A sequence (iy, i»), (i,13), . . ., (ix—1, ix) of edges is called a directed path from node i; to
ir. A directed tree is a digraph that every node (except the root) has exactly one parent and the root
is a source. A spanning tree of G is a directed tree with the node set being v and the edge set being a
subset of &. The diagonal matrix D = diag(k, K, ..., k,) is the degree matrix with x; = 3} cn; aij. The
Laplacian of a weighted digraph G is defined as L = D — A.

In this paper, we consider a MAS with N agents and a leader (labeled by 0), which is depicted as
G= @28 withv ={0,1,2,...,n}and & C ¥ X . If (0,i) € &, then 0 € N;. B = diag(h,,b,,...,by)
is the leader adjacency matrix associated with G, where b; > 0 if node 0 is a neighbor of i, and b; = 0
otherwise.

We next cite two lemmas which are frequently used in the later sections. In fact, the proofs of the
two lemmas can be found in [25] and [23] with detailed proof, respectively.

Lemma 2.1. If p > 0, ¢ > 0 and ¢ > 0, then for Vx,y € R,

P
Pl < clxf e 4+ (L) Ty, 2.1)

Furthermore, if p € R%? = {”mi;|m1 and my are odd positive integers and m; > m,}, then
W =y < ple =yl . 2.2)

Lemma 2.2. For any real-valued continuous function f(x,y) with x € R™ and y € R", there exist
smooth scalar functions a(x) > 1 and b(y) > 1, such that

lfCe I < a(xb(y). (2.3)

Notably, Lemma 2.2 provides an effective coupling of a parameter separation technique, which
plays an important role to cope with unknown control coefficients and unknown system nonlinearities
as shown later.

2.2. Problem formulation

This paper consider the tracking problem of the following nonlinear MASs with N followers and
one leader (labeled by 0), and the i-th agent being described as:

Xij = dij(xij, Qi)xf;ﬁrl + fij(%ij,60), 1<j<n—1,
i = i (X 01" + i (X1, 6) (2.4)

yi = X,
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where %;; = (X1, X, - -, Xi7)T € R xi = (X1, Xios - -+, Xip,) T € R™ is the system state of the i-th agent
with the initial condition x;(0); #; € R and y; € R are the control input and system output of the i-th
agent, respectively; p;; € R%4“ are known numbers while §; € R” and d;;’s are unknown; the system
nonlinearities f;;’s are smooth with satisfying f;;(0,...,0,6;) = 0. The leader’s output is denoted by yy.
Particularly, d;;’s have known signs, and without loss of generality, assume that d;;’s are positive..

System (2.4) is necessarily to be investigated, which is displayed in two aspects: (i) as mentioned in
[23], nonlinear parameterization can be found in various practical control problems such as biochemi-
cal processes and machines with friction; (i7) there is very few results available about nonlinear MASs
control due to the complex of the system structure, let alone those with parametric uncertainty.

Notably, unknown parameter vector 6; exists both in the system coefficients and the nonlinearities,
which means that serious nonlinear parameter uncertainties are allowed in the considered system. This
makes system (2.4) essentially different from the systems considered in [14] and [16] with known
control coefficients, and challenges the distributed control design of this paper.

This paper is devoted to design a distributed adaptive controller u; for agent i to guarantee the
globally bounded signals of all the closed-loop system with adjustable |0;(#)] = [y:(t) — yo(t)| being
arbitrarily small.

In what follows, we make the following assumptions on system (2.4):
Assumption 2.1. d;; =dy; =...=dyiand p;y = pa1=...=py1 = 1.

Assumption 2.2. For j=2,...,n;andi=1,...,N, there exist smooth functions c_ll.j()'c,- ) such that
0< C_l,-j()_Cij) < d;j(X;j, 0)).

Assumption 2.3. The leader’s output yy(t) € R and yy(t) are bounded, and there are available for the
i-th agent satisfying 0 € N;(i =1,...,N).

Assumption 2.4. The leader is the root of a spanning tree in G.

pi1 = 1 in Assumptions 2.1 is satisfied in a class of mechanical systems as stated in [16], which means
that system (2.4) is of practical value. dy; = d>; = ... = dy1, as shown in the following control design,
plays an important role to guarantee that x?, is well-defined. Assumptions 2.3 and 2.4 are in common
with the assumptions in [16] for designing the distributed tracking control of nonlinear MASs. By
Assumption 2.4, we can furthermore arrive at ZISVZI ais + b; > 0 and L + B being positive stable as
shown in [16] and [26], respectively. Besides, as shown in Assumption 2.2, the upper bound of d;; is
unknown, which means that the upper bound of d;; should be replaced in other forms for the control
design later if necessary. Inspired by Lemma 2.2, unknown control coefficients can be parameterized,
that is, there are functions i;;(x;;) > 1 and g;(6;) > 1 such that

d;j(xij,0;) < ¥i(Xi)oi(0). (2.5)
Similarly, there exist functions ¢;;(X;;) > 1 and p;(6;) > 1 such that
|fij(Xij, 0D < i(Xij)pi(6)). (2.6)
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3. Distributed adaptive tracking control

This and the next sections will solve the control problem described above. A distributed tracking
control and the update law for estimating the unknown parameter vectors are provided in this section,
and then the control aim in the next section. Motivated by [16], we first introduce a coordinate trans-
formation, by which the output tracking error of agent i is alternated into the other variable. Then we
present a distributed adaptive tracking control for system (2.4) in this section.

Make a coordinate transformation:

& = XN aii = ys) + biyi = o),
Eij=Xij= X ] =2,,m,
Xl = —Al(kll +&+ ;0 + ‘I’,l)f,l + - Zs | QisXty,
1
x5 = _(dl )p" I(k,j 1+(D1J ]@ +\P,] 1+(Dl] 1+\P,j ]‘I‘ZS ]ﬂslﬂ)p’ _Ié“,] 1,]—3 (B

1 =i, j-1

(3.1)

Then, from the definition of &, we can see that & = (L + B)S§ where & = [&11,E0,...,Em]T and
0 =[6,...,0n5]". Since that L + B is positive stable as previously stated, it is invertible and therefore,
6 = (L + B)™'¢,. This implies that we can transform the proof of globally bounded for ¢ into that of &;.
Besides,noting that H = L + B is invertible, it is not hard to see that

%I(kn +& + 0, + ‘Pll)fn
=-H! :

Xno ﬁ(km +éey+ (DN1®N + TN])le
Therefore, x}, is well-defined.

It should be mentioned that the virtual control x;“j, Jj = 3,...,n; is quite different from that in [14]
in the following two aspects: (i) no information of &; ;_, is used in this paper which makes it more

ax!
easily to obtain the desired properties as shown later; (2) the cross-terms —o—2=6) and ” ‘® iTij-1
are avoided in this paper, which guarantees the controller structure much more 51mple
Then, we present the controller and the update law as:

Ui = —(d )’ (Kin, + ®i O + P, + Diy + P + T B, 21)”’”'5”1,

. (3.2)
Q; = Tiy — ”i0'®i,
with
Tin;, = Tin—-1 T rl§p0+l tn,
B = 500, 05 (677 + ()
Si— i 6@1 ? (3 3)
. ij(Po—Pij+2) :
k = ml”llgisN,lsjsm{jz,(—e)j, 0}
N i N 2
n = X X (&) + ) + 507 > 0,
while €;,,., ., are positive design parameters, and @, ,, and ¥;,,, are continuous functions.
By defining the Lyapunov function
N n; 1 1
— P 2 ~
V. o= Z S— A o ¥ 3.4
"5 (j:l Po = pij+ 26” 2 ) .
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we can obtain
V,,l. < —kV, +n. 3.5

Remark 3.1. Notably, ignoring the term with @;, there is no clear difference between the controller
u; in this paper and that in [16]. However, it should be mentioned that the construction of u; here
is much more difficult. In fact, since the different definition of V;, more terms such as %@,-@,- and

a&l’™? i+l Zs L Ts a@l 0, appear at the estimation of V;. To achieve V,, < —kV,. + n, we add the item

ox,
=& i+l Zs ey —iir, from the second step and estimate —o®; ©; in the last step, which brings numerous
computational difficulties.

Remark 3.2. We have completed the distributed adaptive tracking control by combing the algebra
graph theory with the distributed backstepping method. In fact, the distributed backstepping method is
developed from the traditional backstepping method which means that the two methods are the same
essentially. However, the two methods can be applied to different types of systems and achieve different
control aim.

4. Main results

In this section, we first show the rationality of the distributed adaptive tracking control provided in
the above section. This is verified in a recursive manner.
Step 1. From the definition of &; and (2.4), we have

N N
&n = Z ais(yi — ys) + bi(yi — Yo) = idijyxp + i fin — Z a;s(ds1x + fs1) — biyo, 4.1)
s=1 s=1

where A; = Z?’:l a;s + b; > 0 as shown in the Section 2.
Construct a Lyapunov function

N
WS Le) @

where py = max<i<n1<j<n {Dij}s 0, = (:)i —0; with (:),- being the estimate of ®; by agent i to be designed
later, and r; is a positive design constant. Then along (2.4), V| satisfies

=

il ls

N
/. = Pof 3 7.+ o 1
Vi = lzzl ‘g:il (/lzdzl-xﬂ + Aifi ; ai(dsxg + fo1) — bzyO + o 0,0;. (4.3)

Noting (2.5), (2.6) and Assumption 2.3, we can deduce by Lemma 2.1 that

{ lplo(/liﬁl - Zg 1atsfs1) < Ié‘lllpo(/l ¢11Pz + Zs 1atx¢slps) < &+ §p0+1 i1(§1)®i, (4 4)
b .

o &P0 Po+ Iy
—0iYoS;; < Hil +§ lla

where €;; and y;; are positive design parameters, ®; is a positive constant depending on 6;, ®;; is a
smooth function depending on &; and g;;, and ¥;; is a positive constant depending on ;.
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Besides, from Assumption 2.1, Lemma 2.1 and the definition of &, it follows that

N

A dtl (XzZ - 12) Z aisdis(x0 — s2) < 81§p0+1 + Z §p0+l, 4.5)

s=1

where &; 1s a positive design parameter.
This, together with (4.3), (4.4) and the distributed virtual controller x7, defined in (3.1), yields

Vi<~ Z (k™ + (en + pa) + —@ (O =) + NZgPO“, (4.6)
i=1
where k;;’s are some positive design parameters and 7;; = r;®; 15" 0+2,
Step 2. Define
1
Va=Vi+ )y ——————&hme?, 4.7
? 1 Z Po— P2 + 2§ ( )
N ox,

Noting from system (2.4) that &, = dpx?® + Fpp— ’2 G)
we have

ﬁy y() with Fj, = fz s i (d;]xpu +fsl)

N
0x%
) < Z 11§P0+1 _@ (@ Tzl) +d gpo 1712+1x17,2 é»,;170 P12+18®12®i + (8i1 +,Ui1)
i=1 i

(4.8)
é_-Po P+l é_-Po P12+1 n NZé:pOH-
Similar to the deduction of (4.4), it is easy to obtain that
& retlp, < len + p0+ D(£2)9;,
DO~ P:2+1‘3x,2 p0+ (49)
é: y = 2,“2 + 2 i2(§1)a

where €, and u;, are positive design parameters while ®, and ¥;, are smooth functions with & =

(flT, X125+ 45 XNz)T-
Submit the inequality (4.9) and

{ Tz é_wpo p,2+1 812 +§p0+l Dy (&), (4.10)

+1 +1
rlo- @ é::po be 2/112 + ,1720 12(51)

into (4.8). By x7; in (3.1) with Zivzlﬁso,i =N, Tp =1y + r,ff’;“d)iz and kj, o being positive design
constants, and noting that

2 * *
S W )& Lo —len22 70l < Ly 4+ 8,227,
d, 2#12( 50 lle 2 < 2/112 612 90 iTll < 2,“12 + 512 90, Ti2,

2 ox:. A
dip _1 arys 2 1oL P00 e
~i 282(1’,0'6@ ) n S 282 10 g Oén,

(4.11)

&.
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there must be

N
’ 1 1 —Pi 1 i i
V2 < ( z]§p0+ —k §p0+ +d fgo Pi+ ( Pi2 (xﬂ)PZ)_,_ (7-12 —

12 fp() P12+1

= (4.12)
+ 1~
- Z(Sl] + l’ll]) 12® é:po b 1 @ (® - TiZ))-

Recursive Step I (I = 3,...,n; — 1). Suppose that the previous / — 1 steps have been completed, that
is, there are the Lyapunov functions

1 .
Vit = Vi ) ot 1 (4.13)

to satisfy

N -1
1 < Z( Zklj‘prH +dzl | ;U;) 11711 |+1(xlp (xll)lm— +Z(8ij+,uij)

i=1

1 gy v 4.14)
i iit+1 l iit+1
—®(® Tzll)_rlO-®Za®J & +(7'111—®)Z / pop’+ ),
where k;;’s, €;;’s, p;;’s are some positive design constants.
At step [, define
V=V + EnPIT2 4.15
SRR ZPO—P11+2” (1)

Then we can conclude from (2.4), (4.14) and the definition F;; = f;; — Zﬂ_ N o6 (dg ;x> + f,;) that

§= 16x sJ Sj+1

-

N
1. x

7= Z( klfngH +dig- f‘? 1pll IH(X? - (xzz)p”_ )+ —0:(0; —1i1-1)
ri

i=1 j=1

—_

-1 N ax* - N Hx*. -1
Po—pij+1 Po=Dij j+1
- 'fij ! er Z ! Z s)+Z(8,‘j +/.l,'j) (416)

Jj=2 s=1 S j=2 = S =1
N oxt dx*
po—pirt+l xPi po pirtl po—pirt+l Xir A po pitl =~ il

+ di& Xiger F Fy—& Z 10, - p) yO)'
00, Yo

Besides, there holds

Po—pii+1 p0+1
WP Fy < ten+ g ©;(£)0;,

—pi+10%; . +1
—Ep T )0 < §#i1+ ,-plo iz(fz 1),
—pu+le pi ; “1p
di &l (0 = () < e+ 3E) @aléD®:, (4.17)

g+l «N  0x; 1
=T Y 1(9@, T < shi + E7 Ou(é),

+1 +1
é:_-l?o pi Zs 1 saG)ll@s = 4811+§p0 ll(é:Z)
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12916

With 7, = 7,1 + riff;"“(D,-,, and noting

-1

(o1 —74) < Z £ Z( 2po—part]) ) Zﬁ” LE(48)

N sl =2

%
ox; :

0—pij+l1
ng P Za(:)

we see that by x:‘J ., defined above, there holds

N
Vi< Z( Zkufm“ + &y pllﬂ( X — (% 1+1)p']) + @ (® Ti)

i=1

T o @19)
_ O-Z 55,0_171'/ Z r lJC:) Z po= pijt+l Z - @Y) + Z (sl-j + ,Uij))-
=2 =i 00 = =

Step n,~. With the definition V,,, we can arrive at from (2.4), (4.19) for/ = n; — 1 and F;,, =
f Z s= 1 a;nl (drj)g;;j“ + fcj) that

N I’l,‘—l
. po+1 PO—Pini-1+1( Pini-1 £ \Din-1 1~ 4
V,, < Z( Dkl i T (e = () ) + (O = i)
i=1 j=1 !
ni—1 N ox* ni—1 N . ni—1
Po—pij+1 iJ A po—pij+1
—o Y TN L0, 4 Y e Z —00)+ ) (e +my) (420
j=2 = 00, j=2 =1 00 j=1
N a ¢ %
X5, ox;
Po— Pzn,‘*’l prn, PO—Pi,n,-"'l PO—Pi,n1+1 L1 A PO—Pi,n,~+1 LN .
by £ g g Z G, - gty )
= 00, Yo
In addition, it results from Lemma 2.1, (2.5) and (2.6) that
p0+]
é‘:li’l, i,n; < 481n, é: (Dll’h@
P0o— pl,nl+16 in; . P0+1
_'fi,nl- 3o Yo < E,ui,n, é:ln in> (421)
PO—Pin—1+1(  Pini-1 Pini- p0+1
di,ﬂi—lgi’ni,1 (‘xi’ni - (‘xi’n,—) ) S 81 nz é‘: q)l nl®

From the definition of 7;,, and §;,,» in (3.3), it is clear that

®)<Z§po pz,+120

ni—1

pro pij+1 Z (9

Noting

0,) + Z Bi, 7 (4.22)

pO_Pt’,ni“'] N axr “inj Po+1 3
_gi,ni Zs‘ 1 6@ TvnY = zluzn, + in; (Din,-

p()_pi,n~+1 N In
O-f ' Zs 1Fs a®l®

in;

szn ++£00,
1 (4.23)

Po—Dij+2 < po—p,-j+2(p0+1 ) po—plj+2 po+l a po+1
+ —\ +
gy < e I (M &l 2 et glog,

-00,0, < -§6; + 567,
we can easily obtain (3.5) by submitting (4.21), (3.2) and (4.22) into (4.20).

Then, we can immediately obtain the main results of this paper, which is summarized into the
following theorem.

S =4

Mathematical Biosciences and Engineering Volume 20, Issue 7, 12908-12922.
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Theorem 4.1. Consider system (2.4) under Assumptions 2.1 and 2.2, while the leader’s output satisfies
Assumption 2.3 and the digraph topology G satisfies Assumption 2.4. The distributed controller and
the update law defined in (3.2) guarantee that for any initial conditions x, there are

(i) all the closed-loop system signals x;j, u; and O;withi=1,...,Nand j = 1,...,n; are global
bounded;

(ii) the range of the tracking error ||6(t)|| can be tuned arbitrarily small.

Proof. Directly solving (3.5), we have

t
V() < e™V,.(0) + f e ndr < 7M1V, (0) + %(1 ) (4.24)
0

From this we can see that, lim,,.. V,,(#) < % This, together with the definition of V,,, implies that

&ii’s, ©;’s and ©);’s are global bounded, and so are x;;’s and u;.

On the other hand, from Lemma 2.2 in [27] and (3.5) that a finite time * = %lnlv""()?;;n/kl must exist
such that 5
0< V(0 < 7” Vi1 > 0. (4.25)
This, together with the definition of V,,, and Remark 3.1, implies that
t MV, (t 2M
16|l = el D _ i Vi> 1 >0, (4.26)

Enin(L+ B) = &pin(L + B) ~ k&pin(L + B)’

where M is a positive constant depending on py. Therefore, the range of the tracking error ||6(¢)|| can
be tuned arbitrarily small.
Thus far, we complete the proof the Theorem 4.1. O

Remark 4.1. As shown in Theorem 4.1, the range of the tracking error ||6(¢)|| can be arbitrarily small
instead of converging to the origin or an arbitrarily pre-given small neighborhood of zero such as [16].
Even though, by choosing the design parameters k;;’s, r;’s and o large enough, we can see from (3.3)
that k is also large enough. This, together with (4.26), keeps the range of the tracking error as small as
expected.

5. A simulation example
Consider the digraph topology Gwithap =a3 =ay =an =ay; =b; =0,a3 =b; = by = 1.

Clearly, the digraph satisfies Assumption 2.4. The i-th agent of the nonlinear MASs with 3 followers
and one leader (labeled by 0) is:

Xn o= dux} + fir,
Xp = dpul” + fi (5.1
Yi = X,

where Dij = l,dij = 1,l = 1,...,3,j = 1,2, f]] = Qsinxn, f21 = f}ﬂ = f12 = f22 = f32 = 0, 6 is an
unknown constant. Apparently, this system satisfies Assumptions 2.1 and 2.2. The leader’s output is

Yo = ﬁ, which means that Assumption 2.3 is satisfied.
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Define ® = #°. By the design process in Section 3, we can get the distributed controllers as

ax;
+ x” ) + 2(5 12smx“) @)flz,

( (axlz _ "12 1
2 gxu 86y0 (1+1)?
X5 ) 2
-2+ 2(3x21x22 - 3—y0(1+,)z) )522,
3 2
-5+ 4(6x X3 + a,mx 2= a—yO(H,)z) )E32,

and the update law for the unknown parameters as

where

_ 1
&1 =X — T+’

_ #
§12 = X12 = X

— 3k
622 = X22 = Xy

_ *
& = X3 — X375

0=

_ 1
&1 = X1 — T+’

T—0,

- (%(:)1 +2)¢u,
- 26,
= 2831 + X5,

1
T = 551 4§12 ax smx“)

531 = X31 — X21,

(5.2)

(5.3)

(5.4)

Choose 6 = 1, and the initial conditions x;;(0) = 1, x12(0) = =2, x5;(0) = —1, x2»(0) = =1, x3;(0) =
= 0.3. We can obtain Figures 1 and 2, which illustrate that the signals of the

1, x3(0) = —1,6(0)

closed-loop system x;;, u; and ©; are global bounded while the range of the tracking errors is arbitrarily
small. Thus, the effectiveness of the distributed adaptive control in this paper for nonlinear multi-agent
systems with nonlinear parametric uncertainties is verified.
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Figure 1. The responses of x;;, u; and 0,.
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Figure 2. The responses of ¢;.

Remark 5.1. Compared to the simulation example in the related work [16], the distributed controllers
(5.2) is much more powerful since that no unknown parameter is contained in the simulation example in
[16]. Besides, although sharing the same digraph topology and system powers with [14], the structure
of distributed controllers here is much more simple.

6. Concluding remarks

In this paper, a distributed adaptive controller has been developed for the tracking problem of a
class of inherent nonlinear multi-agents systems with serious uncertainties from the control coefficients
and the system nonlinearities. By employing backstepping and adaptive technology for the control
design, we overcome the unstable linearization and the parameter uncertainty in the considered system.
Comparing with the related literature, we provide a different distributed adaptive controller structure
and construct a different Lyapunov function for the analysis. However, this paper doesn’t consider the
case that the control directions (that is, the sign of d;;’s) are unknown as in [28] or the nonlinear MASs
is with a stochastic process such as [29], which is our further research.
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