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Abstract: In this study, the fully distributed adaptive iterative learning coordination control of the uncertain non-linear leader—
follower multi-agent systems with input saturation is studied. Under the alignment initial condition and Lyapunov theory, a novel
adaptive distributed control protocol with a fully saturated parameter learning law is designed. Despite the existence of input
saturation, the global perfect consensus tracking can be realised over a finite time interval. Besides, the consensus tracking
problem is extended to the formation control problem as well. Ultimately, the validity of theoretical analysis of this study is shown

by two examples.

1 Introduction

In the past few decades, the distributed coordination control for
multi-agent systems (MASs) has earned considerable concerns
from multidisciplinary researchers on account of its broad use in
transport systems, distributed wireless communication networks,
service robots, spacecraft formation flying [1] and so on. Based on
different collaborative tasks, the coordination control is divided
mainly into two kinds of controls, one of which is the consensus
control [2] that the states of agents arrive at a common state
through their interactions, the other is the formation control [3]
which is about manoeuvring many floating single agents to operate
and keep a predesigned form. Up to now, as a basic problem of
MASs, the consensus problem has been extensively researched by
scholars from different perspectives, such as the switching [4, 5] or
fixed [6, 7] topology, the known [8, 9] or unknown [10, 11]
directions, with [12—14] or without [15, 16] a leader and so on.
While the consensus problem with a leader is named as the
consensus tracking.

It should be noted that the above literature on MASs are
executed relying on the implicit assumption, i.e. all agents can run
without any limitations, which is apparently impossible in practical
applications. Since most physical actuators in the actual control
systems may suffer amplitude saturation due to hardware
restrictions, which is called input saturation. It means that the
amplitude of input is finite over a bounded domain and cannot be
arbitrarily large. The performance of systems would be caused by
instability or destroyed by this sort of saturation non-linearities
[17]. Therefore, it is significant and necessary to analyse the
system with input saturation. Many works with respect to input
saturation have been reported in [18-25]. Lin and Lin [18] solved
the control problem of an individual linear system with actuator
saturation using the low gain feedback technique. Later, the authors
[19, 20] applied this method to achieve the semi-global consensus,
while the global consensus was obtained in [21-23]. Different from
[18-23], the author in [24, 25] utilised the distributed optimal
control scheme to make the tracking errors uniformly ultimately
bounded.

However, all the aforementioned studies realised the asymptotic
consensus on the infinite time interval. If the arbitrary high
accuracy is required for the coordination control of MASs over a
finite time interval, these works cannot resolve. As is well known,
iterative learning control (ILC) is a sole and valid control technique
realising repetitive control task on a limited temporal interval for
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accurate tracking requirements. Interested readers please refer to
survey papers [26, 27] for an excellent review of the progresses on
ILC, and the reference therein. ILC for an individual non-linear
system [28, 29], there are also some papers on input saturation. For
instance, an ILC method for a kind of non-linear uncertain systems
with input saturation was designed in [30], and the non-linearly
parametric systems with input saturation were investigated in [31—
33]. Moreover, as an important branch of ILC, optimal ILC has
been widely investigated in [34-36]. The authors of [34, 35]
proposed some model predictive control (MPC)-based ILC
schemes by incorporating input saturation and output constraint
into the optimisation problem, and Chi et al. [36] considered a
constrained data-driven optimal ILC for a class of non-linear
systems with input saturation and output constraint directly.
Recently, ILC has been utilised to deal with the coordination
problem of MASs [37—41], where the authors of [37-39] solved the
formation control problem via ILC but the authors of [40, 41]
handled the consensus tracking problem using ILC and distributed
optimal ILC. In addition, the adaptive ILC for MASs without input
saturation has been reported in [42—47]. The authors in [42, 43]
addressed the consensus problems of the first- and high-order non-
linear MASs with constraints, respectively. Chen and Li [44]
investigated the perfect consensus problem for second-order
linearly parameterised MASs with imprecise communication
topology structure and Bu et al. [45] proposed a distributed model
free adaptive ILC method for a class of unknown non-linear MASs
to perform consensus tracking. An adaptive ILC of consensus
problem for the leader—follower non-linear MASs was presented in
[46] and the consensus tracking in Lj-sence was obtained, and Li
and Li [47] introduced the fully distributed adaptive ILC to tackle
the coordination control of MASs.

By the above observations, although numerous papers went into
MASs with input saturation or ILC, the coordination control for
MASs with input saturation has not been addressed under the
framework of ILC. Therefore, it is highly desirable for us to
develop a new ILC protocol for MASs with input saturation. This
inspires us to put forward the fully distributed coordination control
for the uncertain non-linear leader—follower MASs with input
saturation utilising an adaptive ILC algorithm.

In this paper, we focus mainly on the distributed coordination
control for the uncertain non-linear leader—follower MASs with
input saturation using adaptive ILC. Under the alignment
condition, a novel adaptive distributed control protocol, which is
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independent of any global information is presented, and a fully
saturated parameter learning law for coupling gains is designed.
Meanwhile, even though there exists input saturation in the system
dynamics of each follower agent, the global perfect consensus
tracking can be achieved on [0, 7]. Furthermore, we extend the
consensus results to the formation control problem. Finally, two
examples testify the efficiency of theoretical analysis in this paper.
In conclusion, the main contributions of the paper can be
summarised as follows: (i) unlike the literatures on MASs with
input saturation, such as [19-25], in this paper, the global perfect
consensus tracking can be gained on [0, 7']; (ii) literatures [30-33]
investigated the convergence problem of an individual system with
input saturation under the identical initial condition, whereas we
take into account the coordination control problem of MASs with
input saturation under the alignment condition, which is more
practical; and (iii) [44, 47] settled the fully distributed coordination
control for MASs without input saturation. To be applied more
highly to the real world, we have tackled the coordination problem
of the ILC-based MASs with input saturation, at the same time, the
fully distributed coordination control protocols are also proposed.
It is the first time to solve the distributed coordination problem of
the uncertain non-linear MASs with input saturation using adaptive
ILC under the alignment condition.

The remainder of the paper is divided into the following
sections. The preliminaries are given in Section 2. Section 3 is the
problem formulation. In Section 4, the distributed consensus
algorithm for the uncertain MASs with input saturation is
presented. Section 5 is the extension of the consensus results to the
formation control and Section 6 enumerates two illustrative
examples. At last, the conclusion is provided in Section 7.

2 Preliminaries

An undirected graph is denoted as G = (V, E, A), where
V = {V,...,vy} is the set of vertices and E C V x V is the set of
edges. A = [g; il € RY*N is the weighted adjacency matrix of the
graph G. If there is an edge between agents v; and v;, le.
(v_,», v[) € E, then a;j = aj; = 1, otherwise g;; = a; = 0. Moreover, it
is assumed that a; = 0. The set of all neighbours of the ith agent is
N; = {vj:(v;,v;) € E}. The Laplacian matrix of G is L=D — A,
where D = diag{d,,...,dy} with d;= Z;y:la,-_,-. A path is a
sequence of connected edges in the graph. For the undirected graph
G, the adjacency matrix A is symmetric and the graph G is
connected if there is a path between any two vertices.

In what follows, we mainly concern G’ associated with the
system consisting of N follower agents whose topology graph is
denoted by G and one leader (labelled as 0). b; denotes the access
of the ith agent to the leader, i.e. b; = 1 if agent v; has direct access
to the full information of the leader, otherwise, b; = 0. It is obvious
that H = L + B is a symmetric matrix associated with G’, where L
is the Laplacian matrix of G and B = diag{b,, ..., b,}.

Lemma 1: 1f graph G’ is connected, then the symmetric matrix
H associated with G’ is positive definite [4].

Definition 1: For a scalar u(f), a saturation function sat(u(t), u*)
is defined as

o 2| u@ (Ol < w
sat(u(t), u*) = sign(u()u* else, .

where u* > 0.
To facilitate the subsequent analysis, three properties in regard

to saturation function will be given below.

Property 1: For a given uy(1), satisfying max, ¢ o, 7y [uo(?)| < u*,
then

[uo(t) — sat(u(t), u®)]* < [uo(t) — u@®)’ [30]. )
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Property 2: For h=sat(u,b)+s, where b >0, then the
following inequality is established [30]. i.e.,

|sat(h, b) — h| < sl 3)
Property 3: For m,r € R, if m satisfies |m| < r*, then

[m — sat(r, r*)][r — sat(r, r*)] <0 [48]. 4

3 Problem formulation

In view of a set of N identical follower agents with a leader in the
repetitive environment, at the kth iteration, each follower agent is
governed by

X0 = k@), 1) + sat@h(e), u*), ©)

wherei=1,2,...,N; xf(t) € R and u,l‘(t) € R are the state and input
of the ith agent; n(x{‘(t), t) is an unknown time-varying global
Lipschitz continuously differentiable function in xf(r) and

piecewise continuous in #; and sat(uX(z), u*) is a saturation function
defined in Definition 1.

The leader whose state is denoted as x,(f) € R satisfies the
following dynamic

Xo() = n(xo(1), 1) + uo(?), (6)
where u(f) € R is the leader's input.

Remark 1: Literatures [12—14, 44-47] on the leader—follower
MAS:s, there is a tacit assumption that the input of the leader
uy(t) = 0. This assumption might be rigorous in different
circumstances. Actually, to refrain from dangerous barriers or get
an ideal consensus, non-zero control can be exerted on the leader.
Also, this part aims to deal with the ordinary form of the leader—
follower consensus, i.e. the input of the leader is non-zero. From
now on, we will give the assumption on this.

Assumption 1: The control input of the leader is finite, i.e.
()] < u*.
Define the consensus error for the MASs (5) and (6) as

81 = xk@) — x(1) . )

The ultimate target of the paper is to find a series of appropriate
control protocols {uf(1),0<t<T,i=1,2,...,N; k€ Z'} such
that  xf() » x(r) when limy, _, o 5,1-‘(t) =0,
i=1,2,...,N. In other words, each follower agent can perfectly
track the leader in the iteration domain, i.e. the global perfect
consensus tracking can be achieved.

Furthermore, the agent only knows the information from its
neighbours. Hence, we should define the distributed error for the
ith agent as

k— o0, ie.

N
ef(t) = Y ay (1) = xK0) + i) — xE®). (®)

=

According to the definition of (8), the compact form of the error
can be expressed as

) = — (L+ B0 — Iyx(0)] = — H5'(t), ©

where
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ly=I[L1,...,11" e RY,

k(1) = [el(0). (1), ... ek (D]",
Koy = [ @), @), .. kO,
80 = 181(0), &), ... ov01" .

(10)

Remark 2: It can be seen that the consensus tracking problem of
this paper is the typical tracking issue when N = 1. It is non-trivial
from an individual system to MASs. On the one hand, the state of
the leader can be only acquired by some follower agents.
Therefore, the error (7) is unable to directly design the control
protocol. We define the error (8) for the consensus control purpose.
On the other hand, the communication topology among all agents
plays a crucial role in consensus analyse. While selecting the
Lyapunov—Krasovskii functional, the topology structure should be
considered.

Assumption 2: The alignment initial condition is satisfied, i.e.
x(0) = xf(T) and x(0) = x(T) .

Remark 3: Though the authors of [30-33] investigated the
individual uncertain non-linear system with input saturation, only
the identical initial condition (i.i.c) was utilised. Nevertheless, the
i.i.c cannot be applied to the MASs. Since each follower agent
cannot have direct access to the state of the leader, it is hard to
make the ii.c hold in the MASs. Moreover, the alignment
condition only requires that the initial state of each iteration for the
follower agents equals to the final state of the previous iteration,
regardless of the leader. As far as the leader is spatially closed.
Therefore, it is less restrictive than the i.i.c to some extent in the
MASs. Meanwhile, many existing works including [42-47]
without input saturation have utilised the alignment initial
condition to the MASs. Consequently, it is of great value to assume
this condition in the MASs with input saturation.

Assumption 3: n(x', t) is an unknown function which satisfies
[n(xi, ) = n(xs, O] < lxi — x4, (11)
for all x{ and x; in R, where [ > 0.

In what follows, the variable ¢ will be omitted when no
confusion would arise.

4 Distributed consensus scheme via adaptive ILC
for uncertain MASs with input saturation

During the kth iteration, the error dynamic of the ith agent can be
calculated as

8 = k1) + it — (1) — (12)
where ﬁf‘ = sat(u¥, u*) . Then, the vector form is

8 = O + @~ Lyn() — Ly, (13)
where

() = Gk, 0,004, 1), .., n G 01,

“k_ ~k o~k k4T
u = [uy, i, ..., uyN] .

(14)

For the sake of working out the consensus issue of MASs (5) and
(6), the distributed learning-based protocol is

W) = drel + sat@lt ', we), (1) =0, Vie[0,T], (15)

with a fully saturated difference adaptive learning law for adjusting
the coupling control gain
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b0y = sat(dh () + g€l ¢, i (1) =0, (16)

where ggf(t) is the time-varying control gain among neighbouring
agents for the ith agent with qAS(;(O) >0; ¢;>0 is a designed

. . ~k .
constant and ¢* is the saturation bound of ¢;(f), which can be
chosen by the designer.

Remark 4: 1t should be noted that the control protocol (15) is a
novel distributed adaptive ILC protocol, which includes the

. nk .
adaptive term ¢;(f)ef and the saturation term sat(uf~',u*). The

adaptive term has the time-varying control gain (/A)f(t), which can
make the control protocol fully distributed; and sat(uf ="', u*) is
used to obtain the perfect consensus tracking over [0, 7]. At the
same time, it can be seen from the saturated difference adaptive
law (16), when </A)f(t) reaches the upper bound ¢*, the control
protocol (15) becomes the closed-loop P-type ILC law in [30].

Furthermore, it is obvious that qgf-{(t) is bounded. Then, gg?(O) >0

nk
can guarantee ¢; (1) > 0.
The control protocol (15) is represented as the compact form

W=t ek = gt - o HS (17)
where
b = [uf, ik, . ] € RY,
i = [sat@uf ), sat(d ), ..o sat DT e RY,  (18)

" = diag(¢h (1), Br(0), ... o)} € RV

Theorem 1: Consider the connected graph G’ of the MASs (5)
and (6), Assumptions 1-3 hold, then N follower agents expressed
by (5) under the protocol (15) and the learning-based updating law
(16) for the coupling control gains can perfectly track the leader (6)
in the iteration domain on [0, 7], i.e. the global perfect consensus
tracking can be achieved, and the variables involved in the closed
system are all bounded.

Proof: First of all, a Lyapunov function is constructed as

Vi) = %(ek)TH*‘ek
| (19)
= 5(5")TH5k.

Taking the derivative of (19) and recalling the error dynamic
(13) and the protocol (17) yield

Vi) = (69THS"
= (Y H(H + i = 1yn(x) — 1yi)
= (Y HO(M) = Lyn(o) + i = b +uf = 1yu) — (20)
= (Y Hm( = Lyn(x) + @ — uk + @

—& () HS — 1yup) .

From Assumption 3, we know
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G HIn(*) = 1yn(x)]

N
- Y e () = o)l

i=1

I/\

N
Z lef|n () = nGo)|1

E 12 efllf]

= 1|e'|6]
= l|—H6k|T|6k|
< HS NS

< Den(H)(8Y'8"

Thus, (20) becomes

VE) < U ()96 = (685 THO (0 H*
+EHGE = ik + 7 = L) .

Select a Lyapunov—Krasovskii functional as

EXt) =V + Z / ($i@) de

=
1 ko2
+ / (5uly dr,
Z 24(@)

where X(6) = ¢ — ¢1(6) with ¢ > 0 and Sut = uf — ue.
Now, the difference of Ek(l) can be written as

AEk=Ek_Ek—l

/ (@) - @) 1de
l_l
N
+Z/2¢ K2 dg
f = l(5145 N dr — vE-!
i=1

/ vmz (1) - @i e

i=1

f Ak(ﬁu,k) dr + V¥(0)

N t
Y [ -y

2

Noting that c,iA)f(t) > gbf_ ](t), (24) becomes

R R 2
AENn) < f 1% d1+2 [(¢f)—(¢f")]dr

l—l

f Ak[w uf)’ — (Suf ="’ dr
i—l

+Vk0) - v"*‘(t).

With the help of the

N
[(fﬁz (451 ]d
tZl 2% 0 i
N
2 [10-d) - -d e
i= 1
= ﬁj @ =D+ G- i e
(21) - . lqu g i i i i i
v (26)
~k
Z—fas i~ e
= 49
—Zi/«fz b ar
=241
Ny "
< 3L [ - dhar
i=1%iJo
N 1 2 Ak
) =2 / B+ aed) —atel) ~gp)de
I_V 1 w2 ok
= Zaqul[(/)l +q,(e,) _(pi]dT
f Fi(eh dr.
i=1
(23)
Based on Property 3 and (16), we have
qu[qaz + ql(e ) - ¢1
= (¢ - ¢z)[¢z + qz(et) - ¢l (27)
=[p—sad; ' +aeV.¢)d; ' +aleh -1 <0.
Accordingly
~k-1.2
/ G - @) 1ae
i= l
< - f Fied) dr
i=1 (28)
L Y Tk a2
(24) = —¢Z/(e§‘) dr+ Z/rﬁi(e{‘) dr
i=1J0 i=1J0
- —¢ f & B de + / " H Hs dr
From Property 1 and the control protocol (15), the third term on the
RHS of (25) is reexpressed as
(25)

relation

(f—8'=(f =y’ = —»I2f — 8 + (g — ] and (16), it can be

obtained that
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N t
Z/ Ak[w ul)’ — (Guk =) de
/ Ak[<u, ) -
i=1

1
= i; »[ 2¢f

t
/ ;N" "= uP) 20 — uf) + (uf — iif " H]1de

— W = u)lde

[t — wo)’ = (i~ = up)' de

29

t 1 Ak .
f Ak( - ¢iei)[2(u0 — U )] dr
0 2¢,

N t 1
—Zf G =i ) dr
i=1J0 2¢,;

1

N lqASk
,_1/ (uf—uo)dr—l;[ S (efy de

t A
- f TH( o — 1) dr — % f & HO Hs dr .
0 0

Substituting (22), (28) and (29) into (25) results
k Tk L[ T, ok k
AEND) < D) | (' dr — | (89 HO (0H" dr
0 0
t
+ f & HG@ = 2k + i Y de (30)
0
t
— / Y H8 dr + VFO) — V().
0

From Property 2 and the control protocol (15), it follows that

uk — iif < (,i;f(t)|ef‘ , which leads to the following inequality:

1
/ S HG - 2 + i dr
0

~k -
f (ul - ul +u; : Mlk) dzr
i=1
f|e,"|(
i=1

t A A
<3 [l + dethas

i=1Jo

=22/¢,(e) dr

i=1

I/\

'—u,|+|~k ]—u,|)d1
(1)

=2 / & HO Hs dr .
0
Taking (31) into (30), it is obvious that
k " Tk 3 1 T, ak "
AE"(t) < Mmax(H)/ 0" 6 dT+§/ 0" H® (r)HS" dr
0 0 (32)

—¢ f "G EES d + VEO) - V(.

For the positive definite matrix H, (32) becomes

2256

AEF < VRO) = VF )

2 3 2 LT ok
D) = D) = S92 [ @'

1
—c / (88" dz + VE©) = V()
0
where ¢ = ¢p22,(H) — U (H) — 3% 2 (H) with ¢ being the large

enough constant, such that ¢ > 0; 4,.(H) and A,.(H) are the
minimum and maximum eigenvalues of H. Therefore, we have

t
AEKD < —¢ / 646" de + VAO) = V(). (34)
0
Lett = T, according to Assumption 2
T T
AENT) < —¢ f " sdr. (35)
0

That is
ENT) < ESNT). (36)
From (34) and (36), we can obtain (see (37)) . Hence, EX(?) is finite

for any iteration if E°(T) is limited.
Next, the boundedness of E°(r) will be shown.

r o2 N t
En=V"+ Z () d+ )] / 2;30 Guy'dz,  (38)
i=1 4i Jo i=1J0 i

and
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i=1 4i =12

2 3 0 0
o Vi + Z Lor+ ¥ 430(5 e < = B2 = i) = 57D ()15

< D (H)(8Y'8° = (5°)TH<1> (OHS +(8")TH (™= +¢ Z 2T Z Anuﬂ (39)

=12
= Ty D= Gu; Y]
NUo +,'Zl 0(60T50+22 ¢+Z

i=12
2%(43, ) +Z [(¢) ~(¢:)]

i=1 Since uy(t) is continuous on [0, 7']. Therefore, we can denote K as
+ Z Ao(éu,'l ?

SR S
=12 K= ma —+ Y —u| <
' ¥ Z Zqi¢ i; 2¢?u0 e
< l/lmax(H)(50) 3 = (H (DHS +@)H@ - u’ !
i — 1yu) — 98 HS + (") THD ()H Consequently, it follows that

= uMz

(40)

+( H( o — u°) + Z

t .
~ E(1) < |E°0)] + ‘ / E'dd < %(5")%5“ +TK <. (41)
0

——(50) HO'H + Z Aouﬂ

i=1

The finiteness of E°(r) implies that E°(T) is finite. In the
meanwhile, the uniformly boundedness of Ek(t) is ensured, for all
= Una(H)(8") '8 - 5(50 ) H &'H 50+(50)TH (@ = 2u’ ke Z on [0,T]. Moreover, from the definition of Ek(t), the
uniformly boundedness of 5k(z) can be acquired on [0,7]. The

) ¢(50) H 50+ Z 2

i=1 i=12

adaptive learning law (16) renders the boundedness of ql;f(t) From
(15), it can be concluded that uf(r) is uniformly bounded. Thus, the

l

< U (Y8 + 28" HO HS + 2 boundedness of all arguments involved in the system are
i=1 2 guaranteed.
Finally, let us prove the learning consensus property. Applying
+ z —uy’ — P& H?S — (5°)THCi>0H5° (35) repeatedly, it can be derived that
i=1 ¢
k
k 0 i
= D (H)()'8" + (50) HO'HS + ¢ Z % ENT) = ET) + Z] AE/(T)
i=1 J —k “2)
0 "5 Ts
+Z L - g HS SE<T>—cZ/(5)5dT.
i=1 ¢1 j=1J0

According to (42) and the positiveness of EX(T), we can attain that
/ (&) s/ dr < E° (T). (43)
Jj=1

On account of the finiteness of E°(T), we have that the series
ZIJL] [JT(5")T5" dr is convergent. Then, limy _ AT(ék)Tﬁk dr =0.

EX®) = AEf) + EF @)

1
—c / &' dr + VF©0) = VE~ ()

+VE ) + Z / @ @) de

i=1

N t
+ f(ﬁu{‘ Y dr
21/ 24 @)

=—c / t(a")T(S" dr + VA0) + Z t(q?f-‘"(f))z dr (37

i=1
N
+Z/T%(5uf‘")zdr
i=1Jo 2¢; (1)

1
—c f '8¢ de + E“-\(T)
0

< Ek—l(T)

< EXT)
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Recalling the error dynamic (13), it is known that & is uniformly
finite over [0,7]. Above all, from Barbalat-like lemma [48],
limy, _ o 5k(t) =0, ie. lim;_ & 5{‘(t) = 0. Namely, each follower
agent can perfectly track the leader over [0, T], the global perfect
consensus tracking is derived.

Remark 5: In the dynamics of each follower agent (5), no input
dynamics and external disturbances are taken into account.
Actually, if there exist external disturbances, we can refer to [44,
47] to handle these problems. Besides, the algorithms presented in
the paper can be extended to a class of uncertain non-linear MASs
having the following form:

Followers: x:‘ = n(x,l‘, f) + Bsat(u¥, u"),
Leader: xo(t) = 5(xo, 1) + Bu,,

i=1,2,...,N; (44)

where x¥ € R", n(x¥,1) € R" is an unknown time-varying global

Lipschitz continuously differentiable vector-valued function in x¥

and piecewise continuous in #; B € R"*" is a known column full
rank matrix; the vector-valued function
sat(u(t), u”) = [sat(u, (1), u), sat(uy(2), ), ..., sat(u, (1), u)] € R™;
Xy € R" and u, € R™. Then, the consensus analysis is similar to the
proof of Theorem 1. For the general systems, if the uncertain non-
linear function in (5) can be parameterised and B is square and
unknown, we may refer to [49] for further details.

5 Extension to formation control for the uncertain
non-linear MASs with input saturation

The objective of the section is to generalise the previous consensus
results to the formation problem of the uncertain non-linear MASs
with input saturation. Specifically, the necessary and sufficient
condition for the MASs (5) and (6) to realise the formation control
is that all follower agents form a desired formation at a certain
distance from the leader, and the formation control can be
transformed into the consensus control through simple
transformation. Since we have solved the consensus problem, it is
not difficult to deal with the formation control problem.

At present, the position error of the ith agent at the kth iteration
is defined as

X =xf- A, (45)

where A; indicates the expected distance of the ith agent from the
leader.

The purpose of formation control is to seek a sequence of
protocols u¥(¢) such that each follower agent keeps a desired distant
from the leader in the iteration domain over [0, T'].

From (45), we define the formation divergence error of the ith
agent as

810 = F(1) — x(1). (46)

Accordingly, the formation control can be re-expressed as the
consensus control, i.e. limy _, 5,{‘ =0.

Meanwhile, the local neighbourhood formation error of the ith
agent is

N
ef = ) a @ — ) + bix - ). (47)
j=1

Assumption 4: The alignment initial condition is satisfied, i.e.
)Ef(O):)‘c{»‘_ (T),i=1,2,...,N; and the leader is spatially closed, i.e.
%(0) = x,(T) . Thereby, 5(0) = & ~(T).

Theorem 2: Consider the connected graph G’ of MASs (5) and
(6), Assumptions 1, 3 and 4 hold, then N follower agents
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Fig. 2 States of all agents in case 1

represented by (5) under the protocol (15) and the learning-based
updating law (16) for coupling control gains with the error (47)
guarantee that the desired formation is formed in the iteration
domain, and all the variables involved in the closed system are
bounded.

6 Simulations

There are two illustrative examples to validate the efficiency of the
protocols designed in this paper. The first example is a numerical
simulation, which includes two cases, i.e. the consensus and
formation control cases for the leader—follower MASs with four
follower agents and one leader. Besides, the multi-vehicle systems
composed of four follower vehicles and one leader vehicle is stated
in Example 2, which can be considered as the MASs. The
communication topology graph between agents both in Examples 1
and 2 is demonstrated in Fig. 1. It is obvious that the information of
the leader can be received by the first and second agents.

2 0 -1 -1

=% 0 T B dag(1.1.0,0) 48
et 0 1 o PEdwelbLOON G

-1 -1 0 2
Example 1: Consider the MASs (5) and (6) with

n(xk, 1) = 2cos(xf)cos(zt), t€[0,T], where T=2, k=20,
i=1,2,3,4; and the state of the leader is x, = 0.6sin(xt). By
computing, uy = 0.67cos(nt) — 2c0s(0.6sin zt)cos(rxt) and
max; .| U(t)| = 0.1150. Thus, we choose u* =2 in the
simulation. Furthermore, ¢* = 5.

Case 1: Consensus control for the uncertain non-linear MASs.
Choose x,(0)= x,(0) = x3(0) =x,(0) = 3, and the initial values of the
parameters are  ¢,(0) = 0.8,$,(0) = 0.5, $,(0) = 0.6, $,(0) = 1.
Applying the protocol (15) and the adaptive learning law (16),
select g, = 1,9, = 0.8,¢;, = 1,q, = 1. The simulation results for 20
iterations are displayed in Figs. 2 and 3.

Fig. 2 draws the states of all agents at the 20¢/ iteration. The
CONnsensus errors 6;‘(t), designed distributed control gains qgf(t) and
control inputs uf(¢),i = 1,2,3,4 are depicted in Fig. 3. From Figs.
2 and 3, we can learn that each follower agent tracks the leader
perfectly on [0,2], in other words, the global perfect consensus
tracking can be realised even the existence of input saturation.
Simultaneously, the signals involved are finite along the whole
iteration axis. Finally, the above results are not only consistent with
Theorem 1 but also verify the effectiveness of the designed
protocols further.

Case 2. Formation control for the uncertain non-linear MASs.
Here, let us consider the formation control for the MASs (5) and
(6). The initial state of each follower agent is the same as in case 1,

and the initial values of parameters are qAﬁl(O)=2, 432(0)=3,
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Fig. 3 Response curves of agents in case 1

Fig. 4 States of all agents in case 2

¢,0) =2,¢,0)=2. Applying the protocol (15) and adaptive
learning law (16) with the error (47), we select
g =¢=¢g;=q,=1, and the desired relative distances are
A= -01,A,= -0.2,A;=0.1,A, = 0.2. The simulation results
for 20 cycles are demonstrated in Figs. 4 and 5.

It can be learned that four follower agents form the desired
formation in Figs. 4 and 5 describe that the formation errors
asymptotically approach to zero in the iteration domain and
designed distributed control gains, as well as protocols, are all
finite. The validity of this part is obvious.

Example 2: In the real world, a set of vehicles need to attain a
common configuration to achieve some kind of coordination task,
such as loading a workpiece [50]. The same velocity is required for
all the vehicles to accomplish this task. Hence, in this part, the
velocity consensus problem of four follower vehicles and one
leader vehicle will be shown in the iteration domain.

The dynamics of all follower vehicles are expressed as

v;‘ = 1/mj[sat(uf) — n(v¥, ©)] where vf is the velocity, m; is the mass,
uf is the input, n(v¥, ) = ktanh(v}) can be considered as the sum of

resistance, and vo(t) = 0.01sin(zxt). By computing,
uy(t) = 0.01zcos(xt) — tanh(0.01sin(7xt)) and
max; ¢ 0.5 ()| = 0.033. Therefore, we choose u* =2 in the
simulation. The initial states are
n0)= —1,»0)= —0.6,150)= —1.2,v(0)= —2, and the
initial values of the parameters are
$(0) =90 =9,(0)=¢,0)=1. T=2, k=20, ¢*=5,
1/m=1, i=1,2,3,4;

G =¢=q¢=q,=2;k =05k =02,k =04,k =0.3.

Utilising the distributed protocol (15) and learning law (16) to
the multi-vehicle systems, the results for 20 loops displaced in Fig.
6, which show that the algorithms proposed in the paper are also
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Fig. 6 Responses curves of four follower vehicles in Example 2

valid in the multi-vehicle systems, that is to say, all the agents can
achieve the velocity consensus and other arguments involved are
bounded.

7 Conclusion

The distributed coordination control protocols for the uncertain
non-linear MASs with input saturation using adaptive ILC are
designed. By Lyapunov theory and under the alignment initial
condition, the proposed protocols with fully saturated learning laws
can guarantee the global perfect consensus tracking in spite of the
existence of the input saturation. Also, we have extended the
consensus results to the formation control problem of the MASs.
The algorithms raised in this paper are verified by two illustrative
examples.
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