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1. Introduction

In the past decades, multi-agent system (MAS) coordination and
control problems have attracted much attention from the control
community. Much progress has emerged in formation control, syn-
chronization, flocking, swarm tracking, and containment control
among others. For these problems, the consensus framework is
an effective approach (Cao, Yu, Ren, & Chen, 2013). The setting of
a consensus problem involves triple components, namely, agent
model, information exchange topology, and distributed consensus
algorithm, respectively. For the agent model, the existing results
cover single integrator model (Olfati-Saber & Murray, 2004; Ren,
Beard, & Atkins, 2007), double integrator model (Hong, Hu, &
Gao, 2006; Ren, 2008; Zhang & Tian, 2009), high-order integrator
model (Cui & Jia, 2012), linear system (Scardovi & Sepulchre, 2009;
Yu & Wang, 2014), and nonlinear system (Chen & Lewis, 2011;
Mehrabian & Khorasani, 2016; Mei, Ren, & Ma, 2011). Moreover,
the information exchange topology, described by a graph, has been
thoroughly developed in the existing literature (Fang & Antsaklis,
2006; Tahbaz-Salehi & Jadbabaie, 2008). Last, the consensus al-
gorithm is important to generate complex group-level behaviors
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using simple local coordination rules, which are highly related to
practical problems (Khoo, Xie, & Man, 2009; Ren & Beard, 2008;
Yang, Tan, & Xu, 2013).

Iterative learning control (ILC) is a matured intelligent con-
trol technique to achieve high precision tracking performance by
the inherent repetition mechanism (Ahn, Chen, & Moore, 2007,
Shen & Wang, 2014; Xu, 2011). Therefore, the ILC strategy has
been applied for MASs to achieve learning consensus recently.
Ahn and Chen (2009) proposed the first result on formation con-
trol using the learning strategy. Later, the reports on satellite
trajectory-keeping (Ahn, Moore, & Chen, 2010), mobile robots for-
mation (Chen & Jia, 2010), and coordinated train trajectory tracking
(Sun, Hou, & Li, 2013) illustrate successful applications of ILC to
MASs. For theoretical research, Yang, Xu, Huang, and Tan (2014,
2015) employed the contraction mapping method for convergence
analysis of affine nonlinear MASs. The 2D system technique was
used to prove the consensus performance in Meng, Jia, and Du
(2013,2015,2016) and Meng and Moore (2016) for linear systems.
The Lyapunov function method was introduced in Li and Li (2013,
2015, 2016) for MASs where agents were of first-order, second-
order and high-order models, respectively. Yang and Xu (2016) also
provided a composite energy function (CEF) based analysis for net-
worked Lagrangian systems. While various techniques have been
developed for the ILC-based MAS consensus, the existing literature
mainly focuses on the conventional system setting without any
constraint on the system output.

However, when concerning MASs in the real world, it is
found that nearly almost all real systems are subject to certain
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constraints. The constraints arise for the output due to various
practical limitations and safety considerations. If we ignore such
constraints and conduct the conventional control strategy, the sys-
tem output may be beyond the tolerant range and lead to serious
problems. For example, a platoon of auto-vehicles is a typical MAS,
in which the vehicles are required to stay in a regulated range and
run within the speed limit all the time. Consequently, when up-
dating the control signal, we should always take these constraints
into consideration in order to guarantee a safe drive. Otherwise,
traffic accidents would arise for the automatic drive if the vehicle is
either out of the road range or over the speed limit. Moreover, due
to the physical limitation of wireless networks, there usually exists
an upper bound of communication bandwidth in MASs; therefore,
the output of each agent should fall in a specified range so that
the transmitted data would not exceed the maximal bandwidth.
In addition, in consideration of implementation cost, simple and
cheap measurement devices are widely used in industrial and au-
tomation systems, which may only provide a limited measurement
range. In such case, the agent output is required not to exceed
the range; otherwise, the output is difficult to measure and then
the update cannot proceed. From these observations, we note
that the output of each agent in a MAS generally has to satisfy
certain constraints, which has not been considered in the existing
literature. Once the output constraints are required, it is a natural
question how to design and analyze the learning update laws for
MASs. This problem motivates the research of this paper. In this
paper, we try to propose distributed learning protocols to achieve
asymptotical consensus along the iteration axis and guarantee the
output constraints simultaneously.

To this end, we apply the idea of barrier Lyapunov function (BLF)
similar to Jin and Xu (2013) and Xu and Jin (2013) to handle the
output constraints problem. Differing from Jin and Xu (2013) and
XuandJin (2013), we introduce a general type of BLF and apply it to
the design of distributed learning protocols for heterogenous high-
order nonlinear MASs. In particular, for a MAS where the dynamics
of each agent consists of parameterized and lumped uncertainties,
we first define a group of auxiliary functions based on the newly
introduced BLF and then apply these functions in the design of
the protocols. In this paper, two control protocols are designed.
The first one introduces sign functions of the involved quantities
to regulate control compensation so that the zero-error asymp-
totical consensus is achieved while satisfying output constraints.
However, such protocol may cause chattering problem due to
the frequent sign switching. To facilitate practical applications,
we further propose the second control protocol, where the sign
function is approximated by a hyperbolic tangent function. In such
case, we only guarantee the bounded convergence performance;
however, we present a precise estimation of the upper bound,
which can help to tune the protocol parameters for a specified
consensus performance. We note that Li and Li (2013, 2015, 2016)
also applied the CEF method for learning consensus problem. Our
paper differs from Li and Li (2013, 2015, 2016) in three aspects:
(1) we concentrate on the consensus under output constraints and
introduce a general BLF; (2) we provide practical alternative of the
algorithm implementations; and (3) we employ distinct analysis
techniques.

The rest of the paper is arranged as follows. Section 2 pro-
poses the problem formulation and the general barrier Lyapunov
function. Section 3 presents two control protocols and the main
theorems, whose proofs are put in the Appendix. Section 4 gives
illustrative simulations on an engineering system. Section 5 con-
cludes this paper.

Notations: ¥ = (7, &) is a weighted graph. ¥ = {vq,..., vy
is a nonempty set of nodes/agents, where N is the number o
nodes/agents. & C ¥ x ¥ is the set of edges/arcs. (v;, vj) €
indicates that agent j can get information from agent i. &

e 3%

[a;] € RN*N denotes the topology of a weighted graph ¥. aj is
the weighted value, and a; = 1if (v;, v;) € &, otherwise a; = 0.
In addition, a; = 0,1 < i < N.d; = ZJN:]aij is the in-degree
of agent i. 2 = diag{d,, ..., dy} is the in-degree matrix. ¥ =
9 — o is the Laplacian matrix of a graph ¢. .4{ denote the set
of all neighborhoods of ith agent, where an agent v; is said to be
a neighborhood of agent v; if v; can get information from v;. An
agent does not belong to its neighborhood. ¢; denote the access of
jth agent to the desired trajectory, that is, & = 1 if agent v; has
direct access to the full information of desired trajectory, otherwise
¢j = 0. ||x]| denotes the Euclidean norm for a vector X.

2. Problem formulation
Consider a heterogeneous MAS formulated by N (N > 2)

agents, where the jth agent is modeled by the following high-order
nonlinear system

ki,j,k:Xi+1,j,k7 i= 1,...,1‘[— 1,

Xnjse = 6] (& k() + b0 + (b)), (1)
Yik = X1k X2k}

where i = 1,2,...,n denotes the ith dimension of state, j =
1,2, ..., N denotes the agent, and k = 1,2,... is the iteration

number. Denote the state of the jth agent at the kth iteration as
Xik 2 [Xijks - - Xn k]’ OjT(t)sj,k(t) is the parametric uncertainty,
where 6;(t) is an unknown parameter vector of the jth agent,
which is continuous and bounded on the operation interval [0, T],
while & ((t) £ &(x;k, t) is a known time-varying vector-function.
bjk(t) = bj(xjk, t) is the unknown time-varying control gain.
njk(t) = nj(xjk, t) is the unknown lumped uncertainty with a
known upper bounded function |n;(X;, t)] < p(Xjk, t). In the
following, denote gj.k = Sj(xj,ks t), bj,k = bj(XjJ<, t), 1j.k £ Uj(xj,ka t),
and pjx £ p(x;k, t) where no confusion arises. The system output
Yjk = {X1 k. X2,jk} can be either x; j x or x j , or both, but cannot be
varying. For the high-order system, it is required that the outputs
should satisfy the given boundedness constraints.

Remark 1. The agent model (1) was also investigated in Li and Li
(2016), where the input gain is set to be one and the lumped uncer-
tainty is bounded by a constant. The model (1) for a single system
was also considered in Jin and Xu (2013), where the lumped un-
certainty is assumed to be variation-norm-bounded. In such case,
the tracking reference is assumed to take the same structure of the
system model. In this paper, all these requirements are removed.
In addition, the model (1) represents a wide range of system un-
certainties, as the neural networks and fuzzy approximation-based
transformations of general nonlinear systems usually conform to
this model.

Let the desired trajectory (virtual leader) be x,, X, £ [X1r, ...,
xn.r17 satisfying that X;, = X415, 1 <i<n— 1and=x,, = f(t,x;)
with bounded f(t, x; ).

The following assumptions are required for analysis.

A1 Assume that the input gain b; does not change its sign.
Meanwhile, it has lower and upper bounds. That is, we
assume 0 < bmin < bjk < bmax, Where by, is known.

A2 Each agent satisfies the alignment condition, x; (0) = X;j x—1
(T).In addition, the desired trajectory is spatially closed, that
is, x,(0) = x,(T).

Remark 2. In the conventional ILC literature, the so-called identi-
cal initialization condition (i.i.c.), i.e., x; x(0) = x,(0) for all agents
and iterations, is the most common assumption for iteration re-
initialization. However, this condition is difficult to satisfy for
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many MASs as it requires both time and spatial resetting for all
agents. In this paper, we employ the alignment condition, in which
the spatial resetting is removed. In other words, we only require
that the new iteration starts from the position where they stop in
the previous iteration. Such condition is widely satisfied in motion
systems and manipulator systems.

Denote the tracking error of the jth agent to the desired tra-
jectory as ejx = Xjx — X = [e1jk .- .,e,,,j,k]T. However, not
all agents can access the desired trajectory. Thus, the tracking
error e;  is available only for a part of the agents that the virtual
leader is within their neighborhood. Meanwhile, any agent could
acknowledge the information of its neighbor agents. Therefore, for
the jth agent, we define the extended observation error as zj; £
[Z1jks -+ -s ZnjulT = Zﬁ]ajl(xj,k — Xik) + &(Xjk — Xr).

The control objective of the heterogenous high-order MAS is to
design distributed control protocols such that the tracking error
converges to zero and the specified boundedness constraints of
outputs are ensured for all agents.

To obtain a compact form of the MAS, denote e; y, X; ¢, and Z; x as
the stack of tracking errors, states, and extended observation errors
for all agents at the ith dimension, i.e., & = [ei1k, ..., €Nkl

Xik = itk - Xinal" Zik = [Zi1ks - - - Zin k] T Noting 21 = 0,
we have
Zik = LXix — W) + B = (£ + Beix, (2)

where # = diag{e;,...,ey}and 1 = [1,...,1]7 € RN Let
H =L+ B.

We give the assumption on communication topology.

A3 The graph is fixed and directed. The virtual leader is globally
reachable in the extended graph ¢ consisting of N agents
and the virtual leader.

Remark 3. Assumption A3 assumes that the virtual leader is
directly accessed to a part of agents and globally reachable for
all agents. Here, by globally reachable we mean there is a path
from the virtual leader to the agent possibly passing several other
agents (denoting the information transmission direction). This as-
sumption is necessary for a leader-follower consensus tracking
problem. We note that several papers presented the directed and
switching topologies (Meng et al., 2015, 2016; Meng & Moore,
2016). The pivotal principle of convergence in these papers is to
ensure a contraction or joint contraction for all possible topologies.
Thus, the systems are generally linear and the learning gain matrix
depends on the graph information. In this paper, we concentrate on
high-order nonlinear systems with output constraints and provide
anew BLF for the solution. Our results can be extended to switching
graph following the main procedures but with additional require-
ments and derivations. We restrict our discussions to fixed graph
to present a concise proof of the main results.

Based on A3, we can conclude that s# is a positive stable
matrix as £ is a nonnegative diagonal matrix (Hu & Hong, 2007;
Lin, Francis, & Maggiore, 2005). Let us denote the minimum and
maximum singular values as omin(#) and omax (7).

To ensure output constraints, we introduce a general BLF satis-
fying the following definition.

Definition 1. We call a BLF V(t) = V(y2(t), k) “y-type BLF” if all
the following conditions hold.

e V — ocifand only if y? — klz), where k; is a certain fixed
parameter in V, provided that y*(0) < k;.

oV ooifandonlyif% — 0.

e Ify2 < k2, then 387‘/2 > C, where C > 0is a constant.

o limg, oo V(y2(t), kp) = 37%(8).

Remark 4. The first item is to ensure the boundedness of y? as
long as the BLF is finite, so it is fundamental. The second item is
to show the boundedness of the BLF by making use of ;Yz in the
controller design. The third item offers a flexibility of the BLF as
can be seen in the proofs of our main theorems. From the last
item, the newly defined y-type BLF can be regarded as a general
form of the conventional quadratic Lyapunov function, in the sense
that they are mathematically equivalent when k, — o0. Two
typical examples are found in the literature: the log-type, V(t) =
2 2 2
%blog (ﬁ) and the tan-type, V(t) = l;—btan (%ﬁé”) By
direct calculations, one can find that all the items of the definition
are satisfied.

In the following, to simplify notations, the time and state de-
pendence of the system may be omitted whenever no confusion
arises.

3. Main results

In order to make the analysis clear to follow, we first introduce
auxiliary functions for the use of backstepping techniques. The
fictitious errors are defined as follows

N

Vrik = Z1jk = &(X1jk — X1) + Y GiXnju — X1k,
=1 (3)
Yiik = (& + di)Xijk — 0i—1jk, 1=2,....1,

where the stabilizing functions o; j x are defined as

N
o1jk = (gX1r + Z G iX11k) = A1 Y1k
=1 (4)
Oijk = Oi—1jk — ){j,]kﬂi,j)/i,j,k - )h;j},<)hi—l,j,kyi—1,j,l<a
fori=2,...,n,and
1 Vi ,

Aijk = Aijk(t) = =, Vijk = V(¥ kn;,)- (5)

Y o Viik 3vige® bk T

Here V(-) is the y-type BLF. kbl_j > 0 and kbz’j > 0 are the
constraints for y; jr and yx of the jth agent, Vk, and ky,, > 0,
i =3, ..., narevirtual bounds on y; j x that can be taken arbitrarily
large values, Vk. p;  is a positive constant to be designed later.

Based on the above notations, we can now propose the control
protocols for the MAS to achieve uniform state tracking consensus
and prevent output constraints violation.

e =i — —— O usEn (Vi)
ik =Uj,k b ik .k S8 An j kVn.j.kYj kSjk
min

1

— ————— 0,k SEN (Anj k Vi kO,
bmin(8j+dj) n.j,kSg ( n.j,k¥Vn.j.k n,j,k)

bmin(gj‘f‘dj)pjyk g (p],k n,],kyn.],k) (6)

with iterative updating laws

Ui = Ujk—1 — GirnjkVnjks (7)
Ok = O + PidnjkVnikiks (8)
where g; > 0 and p; > 0 are design parameters, Vj = 1,...,N.

sgn(-) is a sign function; that is, sgn(x ) is equal to +1 for ¥ > 0,
0for x = 0,and —1 for x < 0, respectively. The initial values of
the iterative update laws are set to be zero, i.e., ﬁj,o =0,600 =0,
Vi=1,...,N.

We have the following consensus theorem, whose proofis given
in the Appendix.
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Theorem 1. Assume that A1-A3 hold for the multi-agent system (1).
The closed-loop system consisting of model (1) and control algorithms
(6)-(8), can ensure that:

(i) the tracking error e;(t) converges to zero uniformly as the
iteration number k goes to infinity, Vj =1, ..., N;

(i) the system output, which is X1 j x or X j or both, is bounded
by predefined constraints; that is, |x1j 1| < ks1 and |x, x| < ks, are
guaranteed for all iterations and agents.

Remark 5. If the lumped uncertainty is norm-bounded with an
unknown coefficient w: [njx] < wp(Xj, t), then an additional
estimation process could be established for this coefficient and
the robust compensation term is appended to the controller based
on the newly estimated parameter similarly to the parameterized
uncertainty part.

Generally speaking, the sign function used in the algorithm (6)
makes itself possibly discontinuous, which may lead to the prob-
lem of existence and uniqueness of solutions. Moreover, it may
also cause chattering that might excite high-frequency unmodeled
dynamics. This motivates us to seek an appropriate smooth ap-
proximation of the sign function for practical applications. In the
following, we take a hyperbolic tangent function as an alternative.
A lemma demonstrating the compensation property of the hyper-
bolic tangent function is given as follows.

Lemma 1 (Polycarpous & loannoug, 1996). Forany ¢ > 0 and for any
x € R, wehave 0 < |x| — x tanh (%) < 8&, where § is a constant
that satisfies § = e~C®+1), je. § = 0.2785.

Now the algorithm (6) becomes the following one

)»n,j,kyn,j,lﬁfkéj,k)

Bmin &

N 1 4
Ujx =Ujx — 79],Tk§j»k tanh (

1

bmin(sj + dj)

Onjk tanh (
&

pj.k tanh (p],k n,;,kyn,j,k) ) (9)

1

bmin(ej + dj)

From Lemma 1, a constant compensation error always exists in

the difference and differential expressions of Vﬂk(t). Hence it is im-

possible to derive that the difference of E,(T) will be negative even

after sufficiently many iterations. Consequently, only a bounded

convergence can be obtained in the following theorem and its proof
is put in the Appendix.

Theorem 2. Assume that A1- A3 hold for the multi-agent system (1).
The closed-loop system consisting of model (1) and control algorithms

(7)-(9) can ensure that the summation of L%—norm of fictitious errors
YL, fy v kdt converges to the ¢ -neighborhood of zero within
finite iterations, where { = 3TNde/um + v with T, N, § being the
iteration length, amount of agents, a constant satisfying § > lii—'i’;(ej—l—
d;)é, Vj, and v > 0 being an arbitrary small constant. Then, the
summation of L2-norm of all tracking errors Y"1 | > [ er; dt
converges to the ¢.-neighborhood of zero within finite iterations,
where
3k?NTée K2V
RS (10)
0 Wm 05 ()

with k being a constant defined later.

e

From the proof in the Appendix, it is seen that the output
constraint verification is difficult to achieve, because the bounded-
ness of Ei(t) is no longer guaranteed technically. To overcome this

Fig. 1. Communication graph among agents in the network.

problem, we replace the updating laws (7)-(8) with the following
practical dead-zone updating laws

T
’\. — . . . 1 . 2
i = Uj k=1 — GiAjkYiks lf/O 1Zjk-1lI"dT > g, (11)
Uj k-1, otherwise,

~

T
bk = Oj.k=1 + Djdj k¥5 k& ks if/o Izjx-1l*dz > g, (12)

0 k-1, otherwise,
’j,

where g; > 0,p; > 0,Vj = 1,...,N are design parameters.
The initial values are set to be zero, i.e., #j0 = 0,60 = 0,Vj =
1, ..., N.The prior defined parameter ¢ denotes the bound of the
convergent neighborhood.

Remark 6. The essential mechanism of (11)-(12) is that learning
processes of i , and 6; , will stop updating whenever the extended
observation error enters the predefined neighborhood of zero, so
that the control system would repeat the same tracking perfor-
mance since then. Consequently, the boundedness of (11)-(12) and
the output constraints condition are fulfilled naturally as long as
the bounded convergence is finished within finite iterations. This
observation is summarized in the following corollary.

Corollary 1. Assume that A1-A3 hold for the multi-agent system (1).
The closed-loop system consisting of model (1) and control algorithms
(9) and (11)-(12) can ensure the following properties.

(i) The extended observation errors converge to the predefined
¢-neighborhood of zero within finite iterations in the sense of
L%-norm, ie., fOT lZix-1l?dT < ¢ within finite iterations, Vj. Con-
sequently, the tracking errors would converge to a corresponding
neighborhood of zero in the sense of L%—norm whose upper bound is
defined as ¢ /o, ().

(ii) Both il x and éj,k are bounded in the sense of L%-norm, Vj =
1,...,N,Vk.

(iii) The system output, which is X1 j x O X, j . or both, is bounded
by predefined constraint; that is, |x1 | < ks1 and |xyj x| < ks are
guaranteed for all iterations and agents.

The proof is put in the Appendix.
4. Ilustrative simulations

To illustrate the applications of the proposed algorithms, con-
sider a group of four agents. The communication topology is
demonstrated in Fig. 1, where vertex O represents the desired
reference or virtual leader and the dashed lines stand for the com-
munication links between leader and followers. In this simulation,
agents 1and 2 can access the information from the leader. The solid
lines stand for the communication links among the four agents.

In the simulation, the agent dynamics is modeled by a one-link
robotic manipulator (Xu & Xu, 2004):

X 1 0f[x B

1] _ 1

[xz]—[o o] [X2]+ 1 [u—glcosxy + m]
ml2 +1
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T
m— agent 1
----- agent 2
= = = agent3
11 agent 4

MTE of x,

2 4 6 8 10 12 14 16 18 20
iteration number

s agent 1
----- agent 2
= = = agent3
L agent 4

MTE of x,

10 12 14 16 18 20
iteration number

Fig. 2. Maximal tracking error profiles: (upper) the 1st dimension (lower) the 2nd
dimension.

3 T T T T T T T

X, tracking performance: first iteration

value

m— desired output
‘‘‘‘‘ agent 1
or agent 2
= = = agent3
= = = agent4

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

value

~,
~.\i
" -
e desired output
0.5F L agent 1 ; 4
agent 2
oF = = = agent 3 \\_.‘ 1

= = =agent4
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Fig. 3. Tracking profiles of the first dimension: x;.

where x; is the joint angle, x, is the angular velocity, m is the mass,
lis the length, I is the moment of inertia, and u is the joint input.
njk(t) = hysin(wit) + hy sin(w,t) denotes unknown uncertainty,
where h; and h, are random variables subject to uniform distri-
bution in [0, 1], while w; and w, are random variables subject to
uniform distribution in [0, 10]. The input gainis b = 1/(ml> +I).
Letm = (3 + 0.1sint) kg, | = 1m,I = 0.5 kg m?, and g be the
gravitational acceleration. In order to simulate the heterogenous
MAS, we let §; = —gl/(ml®> +1)and 6; = 6; + 0.1(1 — 1),
i = 2,3,4. Clearly, & (t) = cos(xy ). The initial states for the
first iteration are set to be X1 = [1.5 0.88 1.2 0.92]", X0 =
5x[0.50.20.10.4].

The tracking reference is given as x;, = 1 4+ sin(2xt) +
0.25sin(4rt) and x; , = 2m cos(2nt) + m cos(4nt), t € [0, T]
with T = 1. The BLF chooses the log-type given in Remark 4 with
kbu = 10 and kbz,j = 10. The simulations are run for 20 iterations
for each control scheme.

We first simulate the original algorithms (6)-(8). The parame-
ters in the algorithms are selected as by, = 0.25, ¢; = 50, and
pj = 1. The parameters in the stabilizing functions are pu,; =
1 and uy; = 5. Define the maximum tracking error (MTE) as

10 T T

T T T T
X, tracking performance: first iteration
m— desired output

agent 2
= = = agent 3

value
0y

T T T T
X, tracking performance: last iteration

= desired output
----- agent 1 ]

agent 2
= = = agent3
= = = agent 4

value

0.8 0.9 1

input of agent 1

time

Fig. 5. Input profiles for agent 1 using (6)-(8).

max, |x; jx — X; | for the ith dimension of the jth agent at the kth
iteration, i = 1,2,j = 1, 2, 3, 4. The MTE profiles for all agents
along the iteration axis are shown in Fig. 2. As one can see, the MTEs
for all agents are reduced a lot during the first several iterations.

The trajectories of all agents at the 1st and 20th iterations are
shown in Figs. 3 and 4 for x; and x,, respectively. In each figure,
the upper subplot shows the case of the 1st iteration, where all
trajectories do not match the desired reference, whereas the lower
subplot shows the case of the 20th iteration, where all trajectories
coincide with the desired reference.

The input profiles of Agent 1 at the 1st, 10th, and 20th iterations
are shown in Fig. 5. Clearly, the input file at the 20th iteration has
a heavy chattering problem. The input profiles for the other three
agents have similar performance.

This observation motivates us to further consider the approx-
imation case. We simulate the smoothed algorithms (9) and (7)-
(8). The parameter in the tanh function is ¢ = 10. The other
parameters are the same as the above. The input profiles for the 1st,
10th, and 20th iterations are shown in Fig. 6, where the chattering
problem has been overcome. Meanwhile, the tracking performance
is similar to the performance shown in Figs. 2-4. Thus, we omit the
figures to save space.
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Fig. 6. Input profiles for agent 1 using (9) and (7)-(8).

5. Conclusions

In this paper, we have addressed the distributed learning con-
sensus problem for a heterogenous high-order nonlinear MAS with
output constraints. We introduce a novel barrier Lyapunov func-
tion to handle the output constraints and propose two consensus
protocols. The first control protocol includes sign functions of
involved quantities for regulating the uncertainty compensation,
and the consensus convergence and constraint satisfaction can
be proved by the BCEF approach. However, the sign functions
in this protocol may cause chattering. Therefore, we proceed to
present the second control protocol, where the sign function is
approximated by a hyperbolic tangent function. In such case, the
bounded consensus is established with a precise estimation of the
upper bound. A practical implementation of the learning processes
is also proposed to guarantee the output constraints. For further
research, it is of great significance to consider the directed and
switching topologies, for which some assumptions in this paper
should be revised.

Appendix

Proof of Theorem 1. The proof consists of five parts. First, we in-
vestigate the decreasing property of the given BCEF in the iteration
domain. By checking the derivative of the BCEF, the finiteness of the
BCEF and the boundedness of involved quantities are shown in Part
II. Next, we prove the convergence of extended observation errors.
In Part IV, the satisfaction of output constraints is verified for all
iterations. Last, the uniform consensus tracking is provided.
Define the following BCEF:

Ei(t ZE,k Z V() + V(). (13)
: j:]
! t)zZv,-,j,k(r)zva,»?,-,km, ), (14)
d;
VA(D) = 8’* )/ Bk — 0 (B — ). (15)
d
Vit) = 8j+ )f byl dv (16)

Part I: Difference of Ei(t)

First, we show the decreasing property of Ei(t) along the it-
eration axis at t = T. The di{lference of Ek(T)Nis defined as
AE(T) £ E(T) — Ea(T) = Y1 AET) = Y 1(Aka( ) +
AVE(T) + A\/j3k(T)) We w1ll examine the three terms Z 1AV
(T), Z]'.\lzlAV2 Zj 1AVJ3k in sequence. Considering AVJ1 (T)
= Y 1 AV (T), we will show the case fori = 1,2 and generalize
it for all i. Starting from i = 1, we have

(V]z,j,k(o)) - V(V,‘,zj,k_1(T))

+/T 1 9Vy; J
)’1 kY1, kdT.
0 Vl;ka)/u SEI,

Note that y1;1(0) = z1;4(0) = Y1, ai(x1(0) — X1.14(0)) +
£j(x1,1(0) = X1.,(0)) = YL @j(x1 -1 (T) = X114 1(T)) + &K1 k1
(T) = x1,1(T)) = 21 k=1(T) = y1jk=1(T). Thus, AVyj = fOT Ajk
Y1jkV1kdT.

By the definition of y; j i, we have yy jx = 21 = (gj+d;)X1jk—
(815<1,r+215%5<1,1,k) = (81+dj)Xz,j,k—01,j,k—)»{},kltl,jJ/1,j,k = V2jk—

-1 T . T
AT ik Thus, [0 Ajcnaingede = fg (M,j,km,k?/z,j,k -

AVyji(T) =V

/qujyf,j,k)dr.
Next we proceed to AV, x(T), which is

AV, k(T) :V(sz,jJ((o)) - V(sz,j,kq(T))

T

1 aVa .

+/ —— %, i kajkdr.
0 Y2k 0V2jk

SiHNCE vojk = (& + dilXajk — orjk = (g + di)xajx — (gx2,r +
D o m1GiX2, k) + XI}_WL;%,;,k. X2jk(0) = X (T), Vj = 1,...,N,
X2:(0) = x2+(T), ¥1jk(0) = y1,(T), and )\]’] « is a function of
Y1.jk We have y,;1(0) = y2j(T). Then, it is clear that AV, =

Jo A2jkvajrvajde.
For 7, we can derive that y,jx = (& + dj)Xojx — 571] k=

—1
V3jk = Agj 2ok — A3 i1k k- We have AVy = Jo Gz
2
Y20kV30k — M2V )k — MjkV1jkY2jk)dT. Thus, we come to

T 2
AVijk+ AV = / ()\2,j,k)/2,j,k)’3,j,k - Z Mi,jVi,zj,k)df-
0 i=1

Indeed, we always have

Vijk =(& + dj)Xijk — Gic1jk

—1
=Virrjk — M plijVijk = M1Vt

fori = 2,3,...,n — 1. Therefore, by mathematical induction
principle, we can show that
n—1

n—1 T
ZAVi,j,k(T) :/ ()»n—l,j,kl/n—1,j,k)/n,j,k - Zui,j)/,-,zj,k)df- (17)
i=1 0 i=1

For the last term of AV].},((T), i.e, AV (T), we have

T
AVn,j,k(T):f AnjkVnjkVnjkdT, (18)
0

Where]./njk = (Sj‘i‘d)knjk_é‘n 1k =
(8] + d),k%} K + (8] + d)b]ku] Kk + Nk — )Lni}’kﬂn,jyn,j,k -
)\n]k)‘n 1jkVn—1jk — Onjk with 9] P 2 9]‘.]( — 9] Substi-
tuting (6) into this equation and noticing the basic inequal-

ity my < $Emysgn(my), where my denotes An’j,kyn'j,kefkéj’k,
min ’

(8]' + dj)ékaéjsk +
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—AnjkVnjkOnjk aNd Ay j kVn j k7 ke TESPECtively, we have

T
Avn,j,k(T) =< / [ AnjkVnj, k(SJ +d; ) kgj k
0
+ AnjikVni k(g + didbj il i
— UnjVeik — )»n—l.j.kVn—l,j,k)/n,j,k]df, (19)

which, combining with (17), further yields that

T
AV(T) = / [—)»n,j,kyn,j,k(%‘ +d))0] &k
0
n
+ AV k(& + djbj kil — Z /Li,ﬂ/,-,zj,k]df- (20)
i1

Next, we proceed to the term V2 (1)

8j+d

AVA(T) = /(e,k— ) B+ Bt — 20)d

&+ d- A " A~
S% / B — 0)) Ok — 0 k—1)d7
i Jo

;
=(8j+dj)/ AnjikVni k0] &ikdT (21)
0

where (8) is used for the last equality.
Then, for the last term A\/j?k(T), we have

& -+ d T T R
AVJ3I<(T) by [/ Jkdf / ”jz.k—ldf
2q; 0

& + d; L R
<1 bj,k/ 1 (1l — W —1)dt
q; 0

T
=—(g+ dj)bj.k/ Ak Vil kdT, (22)
0

where (7) is used in the last equality.
Consequently, combining (20)-(22) results in AE;(T) <

_ fOT (Zi”:] Mi,j)’,-,zj,k) dr, which further yields

N N T n
AE(T) = 3 AEK(T) < — Z/O (Z Mi,jyi_zj_,<)dr. (23)
j=1 j=1 i=1

Thus the decreasing property of BCEF in iteration domainatt =T
is obtained.

Part I1. Finiteness of Ei(t) and involved quantities

The finiteness of Ej(t) will be proved for the first iteration and
then generalized to the following iterations. To this end, we first
give the expressions of Ek(t) and then show the flmteness of Eq(t).
For any k, we have E(t) = Y Ej () = YL, (V(0) + VA (0) +

V3
Vir(0)):
Similar to the derivations in Part I, for V] (), we have
V(D) < = Anjacvmninle; + 40
n
+ AnjeVnj k(& + dibj kil — Z 44V ke (24)

i=1
For Vﬁk(t), we have

2p;j -
g Vi) =
f) J

59179]- - Z@Téj,kﬁ + éj?k—léj e~
— 2DihnjkVnjkd; &k + 2P;91 KAn,jkVnj k6 k
=01 — ) =1 — 6)) + 200, An eV ik ke

Gk — )" (Bic — )

Further, for Vj?k( t), we have

24 3 2 N 2
U R ) = 22, = (D1 — QihngkVi
(5j+dj)bj,k ],k( ) i k (J,k 1—Gj n.].k)’n,],k)
<0y — 2G5T0j khnjkVnjik-
Combining the above three inequalities of V', V2, and V, together
leads to
n
. &+ dj N
Ejp = — ;Mi,ﬂ’fj.k + qubj Ly
&+4 (3
+ (k=1 — 0;) (Ok—1 — ). (25)
2p;

It can be derived from (23) that the finiteness or boundedness
of Ei(T) is ensured for each iteration provided that E(T) is finite.
Thus, we now verify the finiteness of E1(t).

It is found from (25) Ej1 < =Y 1 pijv, + 5260] 6, because
the initial values of (7) and (8) are set to be zero ie,lljo =0
and éjfo = 0. Clearly, Em(t) is bounded over [0, T], Vj. Hence, the
boundedness of E; 1(t) over [0, T] is also obtained, Vj In particular,
E;1(T) is bounded. Noticing E{(T ZJ 1E;1(T), we have that
E1(T) is bounded.

Now, we are in the position of checking the boundedness prop-
erty of Ex(t) for k > 2, the parameter estimation éj,k and the control
signal {I; ;.. According to the definition of Ei(t) and the boundedness
of Ex(T), the boundedness of Vﬁk( ) and \/]3,(( ) are guaranteed for
all iterations. That is, for any k € Z™, there exist constants M; > 0
and M, > Osuch that [ (6«—6)" (6 xk—6)dt < [ (Gx—6)" (61—
)t < M; < oo, f()[ bj,kﬁﬁkdr < fOT bj,kﬁjz’kdr < M, < oo. Hence,
the boundedness of 9]-,,( and il; x is guaranteed.

Recalling the differential of Ej x in (25), we have

sj+dj

t
Biu0) =5.x0)+ [ (- i,y
0
&g +di ~ A
+ L Gy = ) (B — 6))de
ij
<E;j(0) + gt M, + 9y
2p; 2q;

Meanwhile, E; (0) = E;j—1(T) is also bounded by the alignment
condition. Therefore, it is evident that E; (t) is bounded over [0, T].
And so is the amount E;(t).

Part IIl. Convergence of extended observation errors

We recall that AE(T) < Zj N i1 iy dT. Thus,

E(T) < Ei(T)— Yp, >0 1f0 i 1u,]y”kdr As Ei(T) is positive
and E{(T) is bounded Zz 221 1f0 e 1;L,Jyukdr is bounded
Vk. Then, y; converges to zero asymptotically in the sense of
L#-norm, ie., limy o fo yl «dt = 0, Vi,j. Moreover, as
Yijk = Zijk we have actually obtained the convergence
of extended observation errors Z;, in the sense of L2 -norm,
i.e., limy_ o fOT ||21,k||§d1: = 0.Further, consider the convergence of
the second dimension of extended observation error z, . Because
vijk — 0, we have o1 — &Xi, + Z;\Izlajlkl,l,k = gXor +
Zf’zlaﬂxz,,.k and then y,jx — 2 in the sense of L%—norm. As
a result, we have limy_, o fOT ||22_k||§dr = 0. By mathematical
induction principle, one can show lim_, o fOT IZikll3dT = 0,i =
3,...,nsimilarly.

Part IV. Constraints verification on states

In the last part, we have shown that Ei(t) is bounded over [0, T]
for all iterations. So it is guaranteed that V; «(t), i.e., V(y”k(t) t),
is bounded over [0, T] for all dimensions, all iterations and all
agents. According to the definition of the so-called y-type BLF, we
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can conclude that |y;j«| < kb,-.j holds over [0, T], Vi = 1,...,n,
Vj = 1,...,N, Vk € ZT'. Noticing that y1jx = 2z we have
|Z1jkl < kp,;, Vi = 1,...,N.Denote ki n = maxky, ;. Clearly,
Iz kll < Nkym, Vk € Z*,

On the other hand, the relationship between z; x and e; j in (2)
leads to &, = .#~'Z1 . This further yields [|€1 ]| < omax(# 1)
1Z1.k]l < (”)qu mforallk € Z+.

For the constramts imposed on Xy j k, [X1jk| < ks 1, We can set
ki.m = (ks,1 — 1X1,-[)omin(#2)/N. Under this setting, the tracking er-
ror will be bounded as follows: [eq x| < [le1 k]| < o n(%)qu m <
mN(km - |x1,r|)”'“‘“T(”) = kg1 — |X1,] In other words,
X156 — X1r]l = leyjel < ks1 — Ix1,.], and therefore [xq;,| <
ki1 — |x1.r] + |x1.-] = ks,1. The constraint of the first-dimension
of the state is satisfied.

Now, for the constraint on x;;,, we can define y,, =

Vaiks ---» Vonall and ¢ = [’”xllyllkl ko, ’”A’:’;”"]T Then, we
have y»x = 8 + ¢, or equivalently, [[&2 ¢l = ;—(lI72.ll +

[l¢ll). Therefore, to ensure the constraint, it sufﬁces to satisfy

— I UI7aill + ll@l) < Ksa — [xa|. This is valid if kyn <
%[amin(%”)(ks,z — |%2.:1) — ll@ll]is satisfied, where ky , £ maxjkbzyj.

In addition, the unknown function & is bounded as its ar-
gument x; , has been shown to be bounded. Incorporating with
the result that y;;, and A x are bounded, and noting (6), we can
conclude that the input profile u; . is also bounded.

Part V. Uniformly consensus tracking

In the last part, it is shown that |y; x| is bounded by kb,-J for all
iterations. Recall that y; ; , also converges to zero in the sense of L%—
norm, as is shown in Part IV. Then we can conclude that y;jx — 0
uniformly as k — oo, Vi, j. In other words, z; j , — 0 uniformly as
k — oo,Vi,j. Then z;; — 0. Meanwhile, z; , = J#€; and 7 is an
invertible matrix. Thus, e; x — 0 uniformly as k — oco. In short, the
uniform consensus tracking is proved. The proof is completed. O

Proof of Theorem 2. We still apply the BCEF given in (13)-(16)
and check the difference of E(T) first.

Part I. Difference of Ei(t)

The steps from beginning to (18) of proof of Theorem 1 are
still valid, and thus are not copied here. Now substitute (9) into
the expression of yu;, k Using Lemma 1, we can substitute the
terms )\n,j,kyn,] kY, ki:j K A n,j,k¥Yn.j,kOn,j ks and )Ln] kVn,jkNjk 4S X and
then we obtain the estimate of the difference terms (similar to the
derivations for (19)). Let § be a constant satisfying § > b%i';(ej—}-dj)&
Then, we have

n
DAV
i=1

;
T) =/ [ — AnjkVnjk(& + dj)gfkéj,k
0
+ XnjkVnjik(g; + dj)bj.kflj,k]df

T n
_/0 (Zui,jyi,zjyk)d‘[-‘r:‘;TSé‘. (26)
i=1

Combining with (21) and (22) we further have AE;x(T) <
- .[OT (Z?:]Mi,jyj,zj,l»df + 3Td¢ and

N T n
AE(T) < =) / (Z m,,»y,,?j,,()dt + 3NT3e. (27)
j=1 70 iz

Part II. Bounded convergence analysis
In the last part the difference of E,(T) is obtained, i.e., AE,(T) <

—lim fo ( ol o 1y”k)dr—i-E)NTée where (t,, £ min; ;. Then

finite summation of AE(T) from the first iteration leads to

E(T +ZAE/<
umz[/ (Crmpe- L e

j=1 i=1 m

Due to the positiveness of Ex(T), we can show the boundedness
and convergence of y;  x from (28).

a)lf fOT (ZJN: > y'.,2j, k)d‘L’ goes to infinity at the kth iteration,

then the right hand side (RHS) of (28) will diverge to infinity owing
to the finiteness of 3NT 8¢/ . This contradicts the positiveness of
Ek(T)'

(b) For any given v > 0, there is a finite integer ky > 0 such that

[ ( Ly 1y,]k>dr < 3NT8e/mm + v for k > ko. Otherwise,
fo ( 12 ]y”k>dr > 3NT8e/um + v holds for k — oc. Then

the RHS of (28) will approach —oo, which again contradicts the
positiveness of Ei(T).

Hence, the summation of L2-norm of fictitious errors will enter
the specified bound 3NT 8¢/ + v within finite iterations.

Next we transfer the above convergence to the extended ob-
servation error and tracking error. To this end, denote y;, £

[Vijks - yn,j,k]T. From the definition of fictitious errors and sta-
bilizing functions, we have z; x = I xy;x, Where Ij is defined as
1 0 o --- 0
)‘1_] (%2 ¥] 1 0
I -1
Iik= _)‘Z,j,k)‘],j,k —AyjkM2j 1 - 0
i 0 . T

According to Definition 1, it is seen Al 1 is bounded. Therefore,
any matrix norm of [ is bounded for any j and k. For clarlty, we

assume k > omax(I]k), Vj, k. Then we have Zl 1f0 ,]kdr =
fo |zjk||2dr < 2f0 lvixl?dz. It further leads to ZJ >

z 2 dr < KZZ > fo y” «dt. Consequently, the summa-
tlon of L2 -norm of extended observation errors would converge to
the ¢,- nelghborhood of zero within finite iterations, where ¢, =

3KMNT(SS +K V.

From (2), we have &y = #7'Z, V1 < i < n,k. This
. T = T, = .
hints that f; [le.?dr < m Jo IZiklI?dz, which further

. N n T 2 1 N n T 2

vields 37 35 [y €fjdt < m21:12f:1 Jo 2jd. Then,
min

the summation of L%—norm of tracking errors converges to the

§e—neighborhood of zero within finite iterations, where ¢, =

3¢CNTSe 4 kv The proof is completed. [

HVm 0 (H)

rmn(

Proof of Corollary 1. First, similar to the proof of Theorem 2, we
can select ¢ and v sufficiently small such that ¢, < ¢ for any
prior given ¢. Thus, the finite iteration convergence to a predefined
neighborhood of zero holds by the proof of Theorem 2. Moreover,
once the tracking error enters the predefined neighborhood, the
learning processes (11)-(12) stop updating and the boundedness
is therefore guaranteed evidently.

Next, let us verify the output constraint satisfaction. Note that
the tracking error would enter a neighborhood of zero within finite
iterations and the neighborhood magnitude can be predefined.
Therefore, for a given neighborhood bound, a finite integer exists,
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say kq, such that the tracking error enters the given neighborhood
for k > k. It is evident that Ei(T) is bounded, Yk < k;. Thus ka
is also bounded, Vk < k;, whence the constraints can be verified
similarly to the proof of Theorem 1. When k > k;, the tracking
error will enter a predefined neighborhood. Then, the learning
processes (11)-(12) would stop updating and the control system
would repeat its tracking performance. Consequently, the output
constraints are still valid. This completes the proof. O
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