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Composite Nonlinear Feedback Control for Cooperative Output Regulation
of Linear Multi-Agent Systems With Input Saturation

Xinfei Wu, Weiyao Lan, Jinting Guan, and Xiao Yu

Abstract—This paper investigates the cooperative output
regulation problem of multi-agent systems. Each agent is
modeled as a general linear system with input saturation,
and the network topology among agents is represented by a
directed graph containing a directed spanning tree. A dis-
tributed dynamic control law based on composite nonlinear
feedback (CNF) control technique is developed, which consists
of a distributed dynamic compensator and a controller with
a linear feedback law leading to small damping ratio and a
nonlinear feedback law making the system to be highly damped
as the tracking error decreases to reduce the overshoot. It is
shown that the cooperative output regulation problem can be
solved and the transient performance of the multi-agent systems
can be improved by properly tuning the parameters of the
nonlinear feedback. The effectiveness of the theoretical results
is illustrated by a numerical example.

I. INTRODUCTION

Cooperative control of multi-agent systems has attracted
much attention due to its extensive applications on un-
manned aerial vehicles, mobile robots, and distributed sensor
networks [1]-[3]. Due to its general problem description,
the cooperative output regulation problem which aims at
designing a controller such that a group of agents are
able to asymptotically track prescribed trajectory, and reject
external disturbances, becomes a hot topic of interest [4]—
[6]. On the other hand, it is important to take into account
the input saturation for the multi-agent systems, since it
is one of the most typical actuator constraints in practical
systems. In fact, actuator saturation in control design has
also been widely investigated from individual systems to
multi-agent systems, please refer to [7] for more details on
this issue. Cooperative control of multi-agent systems with
input saturation started with simple agent dynamics, such as
single-integrator dynamics [8], double-integrator dynamics
[9], neutrally stable agent dynamics [10], etc. For agent of
which the dynamics are asymptotically null controllable with
bounded controls, various forms of semi-global consensus
results can also be achieved with actuator saturation, see, e.g.,
[11]-[15]. However, most of these results were based on low-
gain feedback design techniques, and thus the control input
would move away from the maximum allowable value as the
states approach the origin. Therefore, the closed-loop system
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cannot be operated at full capacity, which would degrade the
transient performance.

To overcome this drawback and improve transient per-
formance, a low-and-high gain technique was developed
in [16] to solve the semi-global stabilization problem. A
limitation of this method is that, when the controlled output
reaches a specified value, there is a hard switching between
the low-gain control law and the high-gain control law.
To improve the transient performance of the system and
make the control law more smoothly, in [17], the composite
nonlinear feedback (CNF) control method was first proposed
for a second-order linear system with input saturation. The
CNF control law consists of a linear part and a nonlinear
part. The linear part is designed to yield a closed-loop
system with small damping ratio to obtain a fast response.
The nonlinear part is used to increase the damping ratio
of the closed-loop system to reduce the overshoot caused
by the linear part. This idea was used for multi-variable
systems in [18]. In [19], a more general class of linear
systems with measurement feedback was comprehensively
investigated using the CNF control technique. The extension
of this result to multi-variable systems was reported in [20].
Later on, the CNF control has been devoted to the output
regulation problem [21], [22], path-following [23], [24],
transient behavior improvement in nonlinear systems [25],
and descriptor systems [26]. In fact, few works have tried
CNF in cooperative control of multi-agent systems. In [27],
a bounded composite nonlinear feedback-based formation
controller with hyperbolic functions is developed. In [28], a
distributed controller design strategy based on CNF control
is applied to the robot’s formation control problem.

In this paper, we investigate the cooperative output regu-
lation problem of multiple general linear systems with input
saturation. The network topology among agents is repre-
sented by a directed graph containing a directed spanning
tree. The CNF control method is addressed to improve the
transient performance of the cooperative output regulation
problem. It is shown that the CNF control technique will not
destroy the solvability conditions of the cooperative output
regulation problem. Thus, by appropriately designing the
CNF control law, the transient performance of each agent
can be significantly improved.

The main contribution of this paper can be highlighted
as follows. First, the cooperative output regulation of multi-
agent systems in [5] is revisited by considering the constraint
of each agent with input saturation. The solvability condi-
tions of the cooperative output regulation problem of multi-
agent systems with input saturation are established. Second,
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the CNF control technique is introduced to improve the
transient performance of the cooperative output regulation
of multi-agent systems. A CNF control law is designed for
the cooperative output regulation problem of multi-agent
systems by constructing a distributed observer. The transient
performance can be improved by tuning the parameters of
the CNF control law.

The remainder of this paper is organized as follows. In
Section II, we start by presenting some basic facts from
graph theory, and introduce the cooperative output regulation
problem of multi-agent systems. In Section III, we give a
CNF control law with a distributed observer, and our main
results are presented. The design of the CNF control law is
illustrated on an example in Section IV. Finally, we draw
some conclusions in Section V.

II. PRELIMINARIES

A. Graph Theory

We first begin with the introduction on graph theory, which
can be found in [5], or [29] for more details. The network
consisting of /N agents can be represented by a directed
graph G = (V, £). In this directed graph, V = {1,2,..., N}
is a non-empty finite node set of N nodes, where each
node v; represents one agent. The set of edges £ C V x V
containing ordered pairs of nodes represents the neighboring
relationships among agents. Let (i, j) denote the edge in &,
where node 7 is the parent node and node j is the child
node, indicating a connection from node 7 to node j. Node @
is also referred to as a neighbor of the node j. We use N to
denote the subset of V), including all the neighbors of node
1. A directed tree is a directed graph in which each node has
only one parent except for a node called the root node and
from which all other nodes are reachable. A directed graph
G contains a directed spanning tree if and only if there exists
at least one node that can reach all other nodes.

The directed graph G can be completely characterized by
its Laplacian matrix £ = D — A where A = [a;;] € RV*V
is the weighted adjacency matrix defined as

aiizO,aij >0<:>(j,i) e&

and D is a diagonal matrix, in which the ¢th diagonal element
is the in-degrees of node i. The Laplacian matrix has at least
one zero eigenvalue with the corresponding eigenvector 1y,
which is an N x 1 column vector with all elements being 1.

B. Problem Formulation

Consider the following cooperative output regulation of
linear multi-agent systems which consist of N single-input
single-output (SISO) agents with input saturation,

o; = A;x; + B; sat (uz) + E;v
€; :Cil'i"f'Fi’U. 1= 1,...,N (1)
where z; € R" is the state, u; € R is the control input,

e; € R? is the tracking error and v € RY is the exogenous
signal representing the reference input to be tracked or the

disturbance to be rejected and is assumed to be generated by
exogenous system (exo-system) as

v =Sv 2

A;, By, E;,C;, F;, and S are constant matrixes with respec-
tive appropriate dimensions, and sat: R — R represents the
input saturation defined as:

sat (u;) = sgn (u;) min (Umax 4, [Ui]) 3)

with umax ; being the saturation level of the input for each
agent i.

Definition 2.1: (Linear Cooperative Output Regulation
Problem) Given the multi-agent systems (1), exo-system (2),
and the directed graph G, design a distributed CNF control
law in the form of

lbi =@ (U7 ’[Jl)
s = 6z, 1) @

which will be shown in detail later, such that

1) The system matrix of the overall closed-loop system is
Hurwitz.

2) For all z; (0) € Xo, v(0) € Vp, 0;(0) € Vo, the
tracking error

tlggo e;(t)=0, i=1,..,N.

where Xy C R™, V5 C R?, and VO C RY are some compact
sets containing the origin of R™, R?, and R? respectively.

Given the multi-agent system (1) and an exo-system (2),
define a nonnegative matrix A = [a;;],i,j = 0,1,...,N
that satisfy a;; = 0,7 = 0,1,..., N. If the control u; has
access to the exogenous signal v, then a;o > 0 for i =
1,...,N. We can define a directed graph G = (V,€) with
A, where V = {0,1,..., N} and node 0 is associated with
the exo-system while all other nodes represent the N agents.
The edge (i, j) € & exists if and only if aj; > 0. Define G =
(V, €) as subgraph of G, where V = {1,--- N}, £ C Vx V.

Let A be an [N x N nonnegative diagonal matrix, with the
ith diagonal element being denoted by a;p, ¢ = 1,...,N.
The Laplacian £ of the directed graph G is given by

N
F— | 2 a0 lao---aon]
- &
“Aly o

where, for all j = 1,...,N, ag; > 0 if (j,0) € &£ and
ag; = 0 otherwise. Then, Hly = (L + A)ly = Aly
since L1y, = 0. The property of H is described by the
following lemma which is proved in [5].

Lemma 2.1: All the nonzero eigenvalues of H, if any,
have positive real parts. Furthermore, H is nonsingular if
and only if the directed graph G contains a directed spanning
tree with the node 0 as its root.

To solve the linear cooperative output regulation problem
of multi-agent systems with input saturation, the following
assumptions are needed.

Assumption 1: The pairs (A;, B;) are stabilizable.
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Assumption 2: All the eigenvalues of S are on the imag-
inary axis and S is neutrally stable.

Assumption 3: There exist solution pairs (II;,T";) that
solve the regulator equations (5) respectively.

0=ClII; + F;. (5)

Assumption 4: The directed graph G contains a directed
spanning tree with the node 0 as its root.

Remark 1: Assumptions 1-3 are the standard assumptions

for the solvability of the classical linear output regulation

problem [30], [31]. Assumption 4 is necessary for coopera-
tive output regulation problem of multi-agent systems [5].

III. MAIN RESULTS

Now, we are ready to introduce a distributed dynamic
compensator, designed as

’Li)i = S50; +¢ Z Qij (@J — @z) + a;o (1} - QA)Z) (6)
JEN;
where 7 = 1,2,..., N, 0; € R?, and ¢ is some positive real
number such that \; (S) —eX; (H) < 0,Vi, j, that is,
S=(Iy®S)—ec(H®I,) 7
is Hurwitz, with X; (S) and \; (H) being the eigenvalues
of S and H, respectively. Such an ¢ exists if the directed
graph G contains a directed spanning tree with the node 0
as the root, because all the real parts of \; (H) are positive
by Lemma 2.1. We call (6) a distributed observer since the
dynamics of 9; also depends on ©;, j € N;.
Then, the dynamic state feedback distributed CNF control
law is proposed as

u; = Kijw; + Kigt; + pi (&) Bl Py (x; — To;)

éi =S0;+¢ Z Qij (f)j —@i)—&—aio (U—ﬁi)
JEN;
i=1,2,...,N. (8)

Under Assumption 1, there exists K;; such that A; + B; K;;
is Hurwitz, and let K;5 be

K =T; — Ki1l;
where I';, II; are the solution of (5). For convenience,
we let w; = Kjix; + (Fz — KilHi) v; and u,; =
pi (é;) BY'P; (z; — TL;9;). Denote P; as the positive definite
solution to the following Lyapunov function equation
(Ai + BiKi))" P, + Pi (A + B;Kin) = —W;  (9)
for some W; > 0. The nonlinear function p; (¢;) is a non-

positive function Lipschitz in é; = C;z; + F;0;, and it can
be designed in the following form

OER (10)

where a; > 0 and ; > 0 are tuning parameters, and ~; is

= { e ()7, @i (0)#0
1, €; (0) =0
More design details of this class of nonlinear function can
be found in [32].

Remark 2: When the tracking error is large, |p; (&;)] is
small, and the nonlinear control variable of the CNF control
law is also small. As a result, the nonlinear part has a very
limited effect and is negligible for fast response caused by
the linear part. As the tracking error decreases, |p; (&;)]
becomes larger and larger, thus the nonlinear part will
become effective.

Let us start with some simple denotations. Let A =
block diag (Ai,...,An), B = block diag (Bi,...,Bn),
C = block diag (Cy,...,Cy), E = block diag
(E1,...,EyN), F = block diag (F4,...,Fn), II = block
diag (IIy,...,Iy), I' = block diag (I'y,...,T'n), P =
block diag (Pi,...,Pyn), W = block diag (W1,...,Wx),
Kl = block dlag <K11>'-';KN1)9 p(é) = block dlag

(p1(é1),...,pn (én)). Then, (5) implies
N(Iy®S)=All+ BT+ FE

0=CIl+ F (11)
where ® staans for the KroneckerT product, and let x =
[;L’lT,,z%] , 0 = 6{,,6]7\}} , U = [u?,T,u%] ,
u = [ua,,uﬂv , Up = ugl,...,ufﬂ , e =
[eF,..eh]", e = [F,...,é%]", w = sat (w +uy,) —

_ 1,7 T - _

ul—[wl,...,wN] ,0=1ny ®v.

Then, the main result of this paper is stated as follows.

Theorem 3.1: Consider the linear multi-agent systems (1)
and the exo-system (2) under Assumptions 1-4. Given a
positive-definite matrix Wg € RN X(nxN) with

Wo > (K, -T)' BT PW ' PB(K, 11 - T) (12)
let @ > 0 be the solution to the Lyapunov equation
STQ+ QS+ Wg =0. (13)

For any §; € (0,1),7 = 1,...,N, let ¢s > 0 be the largest
positive scalar such that
‘[ Ky Kall, —T; ] { i

%

:| ‘ S (]- - 61) Umax 4 (14)
for all

() ex={(2) () [F o] (5) =}

Then, there exists a p* > 0 such that for any p (é) with non-
positive diagonal elements, it is locally Lipschitz in é and
satisfies ||p(é)]|c < p*. The distributed CNF control law
(8) with suitable positive number ¢, solves the cooperative
output regulation problem, provided that the initial states
x;(0), 9;(0), and v(0) satisfy

v(0) € V :=
{U(O) : |FieStU(O)| < SiUmax i,t > 0,Vi =1, ..,N}

8
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z(0) — ITv(0)

and < 9(0) — 9 (0) € Xs.
Proof: Consider the closed-loop system of node ¢ under

the distributed CNF control law (8), i.e.,

T; = A;x; + B;sat (uz) + E;v

v=Sv

u; = K + (T — KoL) 0; + p; (é;) BY Py (2 — T1;0;)
%Ji =S0; +e Z Qjj (ﬁj—@i)—f—aio (U—ﬁi)

JEN;
ei:OiCCZ‘—FquU i:1,2,...,N. (15)

According to the above denotations, we can obtain the
following overall closed-loop system
& = Az + Bsat(u) + Ev
v=(IN®S)v
uw= Kz + (T — K| I)i+ p(é) BT P(z — IId)
v=(In®S—e(H®I,))0+ec(HI,)v
e=

Cx + Fuv. (16)
Introduce a set of state transformations
T=z—1lv, v=0—1. 17)
The closed-loop system (16) can be rewritten as
i = AZ + Bsat (u + u,) — BTD
=57 (18)
with the linear part u; and nonlinear part u,, being
w=Kz+(KII-T)o+Tv
u, = p(é) BT P (i +IIv) (19)

respectively. Then, (18) can be combined as

{ }: [ A+BE, B(KI-T) } {

0 S
where w = sat (u; + u,) — uy.

10

ST
o
cw
e

(4N

(20)

Then, it is shown that the system (20) is asymptotically

stable for all x@(?&)—_l’év((()())) ) € X;. Consider a Lya-
punov function candidate
T
z P 0 T
vl ellE] e

The time-derivative of (21) along the trajectories of the
closed-loop system (20) is given by
sol#]" -W
1% (K1 —T)" BTp
+ 23" PBw

gl

(22)

Next, the different scenarios of the input saturation are
considered respectively in the remainder of this proof.

Case 1) Control inputs of all agents are unsaturated. That

is, |ug; 4 Uni| < Umaxs holds for all 4 = 1,..., N. In this
case, w; = Uy; holds.

Case 2) Control inputs of all agents are beyond the upper
limit. That is, for all ¢ = 1,..., N, u; + Up; > Umaxs
holds. Since w; = Umaxi — U, w; < Up;. Noting that for

all ( ) e X5, we have

Kall; =T | [ ~, } + T

v

‘ [ Kd
< ‘ [ Kix
Thus, in this case, 0 < w; < u,; holds.

Case 3) Control inputs of all agents are beyond the lower
limit. Similar to Case 2, u,; < w; < 0 holds.

Case 4) Control inputs of some agents are saturated, but
the others are not. This case is a combination of the cases
1-3. In this case, w; can be expressed as w; = q;u,; with a
suitable piecewise continuous function g¢; () € [0, 1]. To con-

clude, we can define a diagonal matrix ¢ = diag[q1, .. ., gn]
and

Kall; =T | [ ~.,/ } ‘ + [T5v] < Umaxi-

w=gqp(e)[ B'P BTPI | [ Z“" ] . (23)

According to the above analysis, the derivative of V' becomes

V = 23T PBqp(é) BT Pi

] [ae ]

BT I

M = PB (KII - T + gp(¢) BT PII)
T=3-W I Mb, Wo=Wo—- MW M.
By (12), we have W, > (KII-I')” BT PW~1PB(KII-T),
and it is clear that there exists a p* > 0 such that for any p (é)

with non-positive diagonal elements, it is locally Lipschitz
in é and satisfies ||p(é)[lcoc < p*. Then, we have Wy > 0.

Hence
> € Xy

where X is a invariant set of the overall closed-loop systems
(20), and all trajectories starting from X will remain inside
and asymptotically converge to the origin. For the initial state
claimed in Theorem 3.1, we have

[STERS
[STER S
| I

[STERSTl

} (24)

ST

ST

V<o, v<

tli}Irolo z(t) =0, tliglcx (t)=Tov(t).
tl_lglo e(t) = tlg(r)lo (Cz (t)+ Fo(t))
= lim (CII 4+ F)v(t) = 0.

t—o0
Hence, the tracking error lim;_, ., e;(t) = 0,4 = 1,..., N.
This completes the proof. [ ]

Remark 3: If the control input saturation is not consid-
ered, Theorem 3.1 will be reduced to the result of [5]. It can
be proved from the Case 1 in the proof part. As a matter of
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Fig. 1. Network topology for the example (Node O is the leader).

fact, adding an additional nonlinear part will not damage the
solvability condition given in [5].

Remark 4: In this paper, we only consider SISO case, but
it is not difficult to extend the results of this paper to multi-
input multi-output (MIMO) case. In fact, for MIMO systems,
the dynamic state feedback distributed CNF control law also
has the same form as (8), except that p;(é) is a nonlinear
function matrix. For more information on CNF controller
design for MIMO systems, please see [20].

IV. NUMERICAL EXAMPLE

In what follows, we illustrate the theoretical results with
the example used in [5] to show the improvement of transient
performance under CNF control law. The interaction among
agents is described as a directed graph shown in Fig. 1,
including four agents and one leader. The arrows represent
the informed agents. The multi-agent system is a group
of double-integrator systems with sinusoidal disturbances of
which the dynamics are

Ti1 = Tjo
Sat(u2)+05*l*’(}2 1= 172,3,4

€ = Tj1 — U1

L2

and the exo-system is given by

V1 = V2, U2 = —V1.

In this example, the system matrices are given by

0 1 0 0 0
Ai_(o 0) Bi_(l) Ei_(o 0.5*2')

C;i=(10) D;i=0 F,=(—-1 0)

0 1Y) .
S—<_1 0> i=1,2,3,4.

Thus, Assumptions 1 and 2 are satisfied, and Assumption
3 is also satisfied by choosing that II; = Iy and I'; =
(=1, —0.5  7) satisfy (5). By Theorem 3.1, a CNF dynamic
control law of the form (8) can be synthesized to solve the
cooperative output regulation problem. We further consider
the input saturation by setting umax; to 20. Set the linear
feedback gain matrix K;; = (—8,—4), ¢ = 5, and K;5 =
I — KiaIl, = (7,4 — 0.5 x4). Choose a positive definite
matrix W, = diag (1, 10). Then, by (9), we obtain

p_ 10.3750 0.0625
¢\ 0.0625  1.2656 )

node 1
. 5 node 2 |
T node 3
‘é node 4
5 Of
o
£
=
3]
C 5
=
10 . . . .
0 2 4 6 8 10
Time (second)
(a) Tracking error
20
node 1
node 2
= 10 node 3 |
3 node 4
>3
a
£ 0
[
kS
S
O 10
204 . . . .
0 2 4 6 8 10

Time (second)

(b) Control input

Fig. 2. Tracking error and control input of each agent under CNF control
law

node 1
. 5 node 2 |
T node 3
§ node 4
§ of
o
c
£
3]
© 5f
=
10 . . . .
0 2 4 6 8 10
Time (second)
(a) Tracking error
20
node 1
node 2
= 10} node 3 |
3 node 4
3
a
£ 0
s
<
S
O 10
20 . . . .
0 2 4 6 8 10

Time (second)

(b) Control input

Fig. 3. Tracking error and control input of each agent under linear feedback
control law

The nonlinear functions p; (¢é;) are designed as
p1(61) = =Be 20MIa Wy, (65) = —2e712021e2 (0]

p3 (63) = _36*4V3|é3(t)|7 pa (84) = —3e—draléa®)]
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The simulation results are shown in Figs. 2 and 3. Fig.
2(a) shows the evolution of state difference between four
agents and the leader under the CNF control law. It is shown
that the overall closed-loop system is asymptotically stable
and the tracking error of each agent ¢ converges to zero. It
can be seen that compared with the case using only linear
control law in Fig. 3(a), CNF control law makes the tracking
errors have barely overshoot and improves the transient
performance effectively. Fig. 2(b) and Fig. 3(b) show the
control input of each agent under the two control laws.

Remark 5: Specially, for double-integrator dynamics,
CNF control law can provide guaranteed transient perfor-
mance through numerous computations. However, for other
high-order linear systems, it will be much more difficult due
to the freedom of Ki, W and p.

V. CONCLUSION

In this paper, the cooperative output regulation problem of
multi-agent systems with input saturation is investigated. A
distributed dynamic control law based on the CNF control
technique is designed. By appropriately selecting the non-
linear function, the transient performance of each agent can
be significantly improved. The effectiveness of the theoretical
results is demonstrated by a numerical example. Future work
will focus on the case where the information graph is time-
varying.
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