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Abstract

This study addressed the output regulation issue of linear heterogeneous multi-agent systems
under switching topology. All agents excluding the external system are divided into two
groups with measurable agents or unmeasurable agents. The agents’ states in the first
group can be available for measurement while the agents’ states in the second group are
unmeasurable. For the second group, a full-order Luenberger observer is devised to recover
these agents’ states. Moreover, there are some agents that can not receive the information
from the exosystem directly, thus, a dynamic compensator is constructed for these agents.
Based on the proposed observer and compensator, a hybrid feedback control strategy is
put forward to settle the output regulation issue. Furthermore, the information interaction
among agents is expressed by the switching topology, and the topology is assumed to be
jointly connected. Finally, two numerical examples are given to illustrate the feasibility of
the theoretical results. The results show that whether the states are measurable or not, the
proposed control strategy can address the output regulation issue of linear heterogeneous
MASs under switching topology. Moreover, the comparative experiment indicates that our
method obtains superior performance in terms of convergence speed, and is more efficient
in dealing with practical problems.

Keywords

Full-order observer, Dynamic compensator, Hybrid feedback controller, Switching topology,
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1. Introduction

Over the last few decades, the efficient hierarchical control of industrial plants has achieved
remarkable benefits in reducing energy consumption, and improving operational efficiency.
More concretely, the industrial plants are generally considered as the large-scale systems
with high complexity, large delay, and strong uncertainty. Industrial processes can be divided
into several subsystems with different properties, such as energy or information flows [1, 2].
When the controlled plant variables increase, the cooperative control of industrial plants
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becomes more and more challenging. In order to solve this problem, many researchers
regard industrial subsystems as agents, thus the industrial systems can be considered as
multi-agent systems (MASs). The cooperative control of MASs has attracted great attention
and has been applied in many fields, such as smart grid, vehicle systems, sensor networks,
and mobile robots [3-6].

Due to the uncertainties, complexity, diversity and instability of MASs, output regulation
has become an important and challenging direction in cooperative control [7, 8]. Generally
speaking, the application objects of the multi-agent distributed output regulation control can
be multiple wheeled mobile robots, mass-damper-spring systems, networked aircrafts, and so
on [9-11]. These objects can be regarded as agents of MASs, and their structures are usually
different with each other. Moreover, in practice, it is difficult to measure all states of objects
due to high cost or technical constraint. Furthermore, the information interaction among
all objects delivered by the communication topology often changes during the moving of
these objects. Therefore, it is an urgent problem to design the distributed control protocol
and enable these objects to achieve the output regulation control under above circumstances.
Motivated by this, this paper focuses on the distributed output regulation issue of linear
heterogeneous MASs with partial unmeasurable agents under switching topology.

Several profound results, which can build the theoretical framework of output regulation
control for MASs, have been obtained, see [12—17] and the references therein. Specifically,
the output regulation problems for general linear MASs were considered in [12, 13]. As
shown in [12, 13], the system matrices A and B associated with linear MASs are
homogeneous, i.e. the system matrices A and B of all agents are identical. However, such
assumption is too restrictive for many real applications. In this case, the output regulation
problems of linear heterogeneous MASs were studied in [14—17]. It can be observed that
the system dynamics of all agents are heterogeneous, which have addressed the issues
of [12, 13]. Moreover, it should be noted that the system states of all agents in [12, 13] play
a key role in their control protocols. For this reason, these control strategies are developed
on a common assumption that the states of agents can be measured.

In many practical occasions, not all agents’ states are measurable due to technical
constraint or external disturbance. In this case, several profound results on state observers
have been proposed to recover the agents’ states [18—23]. For instance, the state observer
was put forward for unmeasurable states, and the dynamic output feedback controller based
on state observer was designed in [19]. The distributed control law based on adaptive
distributed observer was presented for linear MASs [21]. Moreover, a passivity-based
distributed observer was designed for each agent to estimate the state information that cannot
be available for measurement [23]. From the review of the aforementioned works with
state observers, it can be seen that the states of all agents are assumed to be unmeasurable.
Nevertheless, in many real-world cases, not all agents are unmeasurable, namely, partial
agents are measurable. To our knowledge, there are few reported results on output regulation
issue for partial unmeasurable agents, which forms the first motivation of this paper.

Although the output regulation problems for linear MASs with state observers have
been investigated [18-23], they are developed on fixed topology. However, in the actual
scenario, the communication topologies are often variable. Therefore, the research of
output regulation issue under switching topology is more meaningful [24—27]. The works
in [24-26] investigated the cooperative output regulation problem of heterogeneous linear
MASs under switching topology. However, it is supposed that the states of all agents can be
measured. In addition, the system dynamics associated with linear heterogeneous MASs
in [26] have the same dimensions. Moreover, the cooperative output regulation issue with
state observer under switching network was studied in [27], nevertheless, all agents were
assumed to be unmeasurable. To authors’ knowledge, the output regulation issue of linear
heterogeneous MASs with partial unmeasurable agents under switching topology has not
been addressed, which forms the second motivation of this paper.

The main contributions of this note are summarized as follows. Firstly, the partial
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unmeasurable agents are considered in the present work for the first time, while the
previous works studied the MASs with all measurable dynamics [12—-17] or all
unmeasurable dynamics [18-23]. Therefore, the case considered in this study is more
general and realistic. Secondly, compared with the previous works [12-23] that were
developed on fixed topology, this paper considered the switching topology, which is more
flexible and feasible. Thirdly, different from the existing methods, the present work takes
the points including heterogeneous MASs with different dimensions, partial unmeasurable
agents and switching topology into account at the same time. Therefore, the current result is
more general in contrast to the case where all measurable states [12—17], all unmeasurable
states [18—23], homogeneous system dynamics [12, 13], heterogeneous system dynamics
with the same dimensions [26], or fixed topology [12-23] are considered. Finally,
compared with the existing method [17], the proposed method obtains superior performance
in terms of convergence speed, and is more efficient in dealing with practical problems.

The rest of this study is organized as follows. Some basic conception of the
communication topology and the system dynamics are introduced in Section 2. The hybrid
feedback controller is designed in Section 3. The main results are presented in Section 4. In
Section 5, two simulation examples are provided to verify the feasibility of the theoretical
results. And in Section 6, the conclusion is finally given.

Notations: The symbols R, R" and R"*™ indicate the set of real numbers, n-dimension
vector space and n X m matrix space, respectively. Z and N indicate the positive integers
set and natural numbers set, respectively. For matrix A, AT is the transpose of A. The
0 indicates the zero matrix with appropriate dimensions. 1y denotes the column vector
(1,1,...,1)T. Notations A ® B and A @ B are the Kronecker product and Kronecker sum of A
and B, separately. If A € R"" and B € R™*™, the Kronecker sum A ® B is given as A G B =
(A®1,)+ (I, ® B). The eigenvalues of AG B are A; +u;, i=1,2,....n,j=1,2,....,m,
where A, is the eigenvalue of A and p; is the eigenvalue of B. Moreover, 6(A) is used to
indicate the spectrum of A.

2. Preliminaries and problem formulation
2.1. Algebraic graph theory

Some basic definitions and results of the communication graph are described in this
subsection and the details can be referred to [28].

The communication topology structure can be described by the digraph & = {¥',&}
with a node index set .# = {0,1,2,...,N}, a vertex set ¥ = {vg,v1,...,vy} and an edge
set & = {e;j = (vi,vj) € ¥ x ¥'}. Here, vi(i = 1,2,...,N) denotes the i-th agent and vg
denotes the exosystem. The neighborhood of the i-th agent is expressed as .4; = {v; € ¥ :
(vi,vj) € &} o = [a;j] with a;; = 0 (i, j € .#) denotes the weighted adjacency matrix. If
the edge ¢;; = (vi, vj) € &, then a;; > 0, else a;; = 0. Note that the exosystem merely sends
information to agents, i.e., ag; = apy = --- = agy = 0, and if exosystem sends information
to agent i, ajp > 0, else ajp = 0. Therefore, the adjacency matrix can then be defined as

0 0
ﬂ‘(%m m>’

where <% = diag{a10,a20, . ..,ano } and <% = [aij], i,j=1,2...,N. Moreover, the in-degree
and out-degree of agent i are given

N N
degin(vi) = Y aji, degou(vi) =Y aij.
=0 =0

The degree matrix is defined as ¥ = diag{dp,d,...,dy} with d; = degyu (vi).
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Correspondingly, the Laplacian matrix is given

0 0
sz 0 8)

where S = o) + £ and &, = o+ D with D = diag{d,,d>, ... ,dy}. Moreover, if there
is one node that has directed paths to other different nodes, then the digraph ¢ has a directed
spanning tree.

Since the communication graph often varies in actual scenario, the switching topology
is discussed in this paper. Assume that there are / possible topologies, denoted as ¢, with
¢ belonging to the set {1,2,...,l},] € Z*. Given the time interval [t;, ;1 1),k € N, where
to =0and t;1] —t; < T, there exists subintervals

0 1 mkfl

i Jj+1
1.t )s- s [T T ) e = 10 i = 1,

satisfying t,{“ — t;c’ > 1,0 < j < my— 1 with positive dwelling time 7 and positive integer
my. The piecewise-constant switching signal () : [0,+o0) — £ is defined to describe the
changes in topological graphs. Obviously, %) € % = {41,%,...,%}. In [t/ the
graph 9, is fixed and denoted by %; and in [t,#;11), some or all %, j =0,...,m — 1
can be disconnected.

For each graph @ (;), () = [alffj(t)] € RINFIX(N+1) Do) = [di"(”] e RINHDX(N+1) g

Zst) = Do(t) — Yo (1), respectively. Moreover, for each subgraph %G(t), %G(t) = [ag-(t)] €

RVN 920 = 14°0] € RN and £ = 9% — 7°" respectively. Furthermore,

7" = diag{a%,a3,....a3Y)} and Ay = 7Y + 270,
The following assumption and lemma are key condition to ensure output regulation
under switching topology.

Assumption 1. The union of the digraphs ;¢
leader as its root node.

Lemma 1. (/29]) If Assumption 1 holds, the matrix % = Zf: | 74 is positive definite.

) Y1) has a directed spanning tree with

2.2. Agent’s dynamics

In this paper, the MASs containing N agents are taken into account. The i-th agent has the
following dynamics

x,-(t) = A,-x,-(t) +B,'I/t,'(l) +El-co(t)7

yi(l) = C,»x,»(t),i =1,2,...,N,

where x;(¢) € R" and y;(r) € RP are the state and measurement output of agent i, separately.
u;(t) € R™ is the control protocol. And E;®(¢) is the disturbance or reference input of the
i-th agent, generated by the exosystem

o(t) =Ap0(1),
yo(t) = Coo(z),
where (t) € R? is the state of the exosystem and y((¢) € R? is the reference output of the

i-th agent.
The regulation error is defined as

ei(t) = yi(t) = yo(1) = Cixi(t) = Cooo (). 3)

The main purpose of this study is to address the output regulation issue of linear
heterogeneous MASs with partial unmeasurable agents under switching topology. We need
to design the Luenberger observer and control protocol such that the outputs of all agents
tend to the output of the exosystem, i.e., e;(t) = yi(t) — yo(t) = Cx;(t) — Cow(r)
—0,i=1,2,...,Nast — oo,

6]

2
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3. The design of the control protocol

In practical occasions, not all agents’ status information is measurable, thus, it is meaningful
to design an observer to estimate these unmeasurable agents. In general, we assume that the
states of the first k agents can be measured, and the rest can not be measured. In this case, an
observer that can asymptotically estimate the unmeasurable states x;, i =k+ 1,k+2,...,N
needs to be designed. This paper provides a full-order Luenberger observer, as follows

£ = Aifi+ B + Ei0 + F;(Ci®; — yi),i =k+ 1,k+2,...,N, “4)

where the matrix F; is the gain matrix.

Since there are some agents that cannot receive the information from the external system,
therefore, it is necessary to design the dynamic compensator to make all agents either receive
information directly from the external system, or receive the compensator information of
the exosystem. The dynamic compensator is designed as

0i(1) = Aomi(t) +p( Y, aZ” (mit) — (1)) +af " (mi1) — (1)), 5)
JEN;

where p is a regulation factor to be designed.
Based on the defined observer and dynamic compensator, a hybrid state feedback
controller is designed as

i=1,2,... .k

_ ] Kuxi+Kym;
”’_{ i—k+1,k+2,... N, ©)

Kii%i + Koim;

where K); € R™*" and K; € R™*4 are the gain matrices.

Let ® = (I x2,...xD)T, n = fnl,...nf), ® = 1y ® o and
&= (x|, XX %h. 1 X s, ..., £L). The combination of the Egs. (1), (4) and (6) is
$ Agt Bon + By,
f:A0i+30n+E()(Z)a (7)

1 = (p Ay @A —p(77 " @1,)®,

2y

L = - = o 7 BK -
where A, :A+BK1,BOZ(BKQ,O),EOZ(E,()),AOZ < _Fé A—I—Bkll-i-ﬁé ),Boz

1,®(0,BK,), and E, = 1, ® (0, E), with

A =diag{A,As,...,Ac},B =diag{B,B,,...,B},E = diag{E\,E,...,E},

K| = diag{K11,K12,...,Kix}, Ko = diag{K>,K2, ..., Ko },A = diag{Ar; 1,Ar 42, .., AN}

B = diag{Bi11,Bi+s2; .- - Bn},C = diag{Cs+1,Cir2,...,Cn}, E = diag{E11,Exs2, - .. . En},
F = diag{Fis1,Frs2,- - Fn }, Ki = diag{Ky (1), Kik12)5 - Kin ),

Ky = diag{K 1), Ka(k+2) - - - Kon }-

Let { = (7,7, n™)T and

A, 0 B, E,
2= o A4 B, , @l = E, . ®
0 0 pAyy®Ay —p( " @1,)
the Eq. (7) can be rewritten as
(=3¢ + 0. ©)
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Definition 1. The linear heterogeneous MASs (1) and (2) are said to achieve output
regulation, if the hybrid control protocol (6) is designed such that the following conditions
hold

(a) If o(r) =0, system (9) is asymptotically stable.

(b) The solution (x;(¢), ®(¢)) of the following equation

C = E(}C + (D-()(Z);
»=A)w

satisfies

for any initial value x;(0) and @x(0). Here, £, = ¥!_, Z and @, = Y!_, @..

4. Main results

Before giving the main results, the following basic assumptions are first provided.
Assumption 2. The pair (A;, B;) is stable.

Assumption 3. The pair (C;,A;) is detectable.

Assumption 4. The eigenvalues of Ag are in the complex left half plane.

Assumption 5. All systems satisfy the transmission zeros condition, i.e.

Rank Ai= Ay Bi) _ n;+ p for VA € 6(Aop).
Ci 0

Lemma 2. (Cauchy’s Convergence Criterion [30]): For arbitrary € > 0, there is Mg € 7"

such that for arbitrary k > Mg, |V (ty+1) — V (tx)| < €, then the sequence V (1), k=0,1,2,...

converges.

Theorem 3. The matrices A, and A, (defined in Eq. (7)) are Hurwitz if Assumptions 2 and
3 hold.

Proof. If the matrix pair (A;,B;) is stabilizable and (C;,4;) is detectable, then there exist
matrices Ki; and F; such that A; + B;K;; and A; + F;C; are Hurwitz. It is obvious that
A, = A+ BK, is Hurwitz when A; + B;K;; is Hurwitz.

Let . .
G (10N i _(A+BR BE
- I I ) os — 0 A’“ +FC )
then we have A, = SA,;S~'. Hence, A, is Hurwitz if and only if A, is Hurwitz. A, is

Hurwitz when A + BK| and A + FC are Hurwitz simultaneously. Moreover, A + BK| and
A+ FC are Hurwitz when A; + B;K}; and A; + F;C; are Hurwitz. This completes the proof.

Theorem 4. If Assumptions 1-3 are satisfied, and there are matrices I1; and U; satisfying
the following regulator equations:

LAy =AIL;+ Bl + E;,

11
0 =GlII; — Co, (4

with 6(Ag) C jR, then the output regulation issue can be addressed by the hybrid feedback
controller (6).
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Proof. Do the following coordinate transformation

xi=xi—ljw,i=1,2,... k,
Xi=%-TLow,i=k+1,k+2,....N

where I1; is the solution of Eq. (11).
Let Z = (x1T7%2Tv .. 7%}?) and Z = (Xg+] 1%]Z+27 cee 7%572]3;1 725+2; s 72]5)’ then

7=i—(,0)0, 7=%—1,2(0,1)®, (12)

where IT = diag{I1;, Iy, ...,IT;}, and I = diag{IT; {,IT;,>,..., Ty }.
The derivative of Eq. (12) is given as

x=i—(I1,0)®, ¥ =51, (0,1)d. (13)
By using @ = 1y ® Agw = (Iy ® Ag)® and combining the Egs. (2), (7), (12) and (13),
one has _ _
X :Aoz +Bon +Exow7
Y oL = (14)
X =402 +BOT] +Exoa)7
where _ o _ _
E}(U :AD(Hvo) +E0 - (H70)(IN ®A0)7 (15)

Eyo=A,(12® (0,11)) + £, — (12® (0,11)) (Iy ® Ao).

Let the gain matrix K»; be K»; = I'; — K1;I1;, the first equation of Eq. (11) can be rewritten
as
IT;Ag = (A; + BiK1;)I1; + B;Ky; + E;, (16)

then Eq. (16) can be changed into

(TL0)(Ivy ® Ag) = (II(Ik ® Ao),0)
= ((A+BK,)I1+ BK, + E,0) A7)
=A,(I1,0)+ B, + E,.

Since

) (18)

(@M
b
_|_
T
2
T =
ol
(oY
N——
RS
(=]
=

the Eq. (16) also has a form
(12 ® (0,11)) (Iy ® Ag) = 1, ® (0,T1(Iy_; ® Ag))
=1,®(0,(A+BK))1+BK, + E) (19)
=A,(1,®(0,1T)) + B, +E,.

Combining the Eqs. (15), (17) and (18) yields Ex(, = —B, and Ex,, = —B,. Thus the Eq.
(14) can be expressed as

¥ =A,0+B, @),
75 : {C 5 - ~) (20)
X=AX+Bo(n—d).

Taking the derivative of 11 — @, we hav

(1) ®Ao)N — p(ﬁf’“@ﬂ) —(Iv®Ag)®
(1) ®A0)N — (P (H5() @ 1g) + (In ® Ao)) @ 2D

(b4

(b4

(p%%m ©A) (1N — @).
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Let &= (7,27, (n —®)")7, the combination of Egs. (19) and (20) gives

g =z, (22)

(x]

()

where ZJ " is given in Eq. (8). The eigenvalues of matrix p 5 (1) Ao are expressed as

)L(p%(t) GBAO) = {pz’l(%(t))+z’](A0)|l: 1,2,...,N, and j = 1727"'3q}'

Obviously, there is p < 0 satisfying that Z9 )

Lyapunov function candidate as

is negative semi-definite. Taking the

_1 T
V=5¢¢, (23)

the derivative of V is
v=¢£TEgWe, 24)

Combining V < 0 with V > 0, one can obtain that V' is bounded and tlim V(¢) exists. By
—yo0

the Cauchy’s convergence criterion in Lemma 2, for arbitrary € > 0, there is M € Z* such
that for arbitrary k > M,
V(terr) = V)| <e,

i+l

[ v
T

t2

/tl" 0

k

or

< E.

It follows that
1

/[:" 0

k

+ <e. 25)

In light of (23), in each time subinterval [t]{,t,{+1 ),j=0,1,....,m— 1, we have

Jj+1

T . tkv l‘]{Jr‘C J
[} vo|= [ er=iWe|=| [T eralWe 26)
T T T
Combining (24) with (25) gives
41 0 e =1
£ > /‘ TedWel 4+ /mﬂl Tedl gl 27
7 0t
that is, for any k > M,
i+t j
/," TE0We| <. (28)
i
From (27), one has
7 e r=0()
lim E(s)' By FE(s)ds =0. (29)
t—oo [t
Since only finite switches take place during [, % 1), we get
1+7 0 my—1
lim =S e 4. +E)T=S% e Las—o, (30)
t
—oo Jt
which can be expressed as
141
lim E()TE,E(s)ds =0, (31)
t—oo Jy
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27 Journal of Artificial Intelligence and Systems



Cai, Y. L. et al.

mg— l) IA() O lgo
- o 4, 1B, =Y A
0 0 pitzdA
According to Assumption 1 and Lemma 1, U,e[,k it %6@ has a spanning tree, thus /%
is positive definite. The eigenvalues of p. 7z & A are given as

o(t)) o

t
where Z, =&, ¥ +...+ &, %

There is p < 0 satisfying that all eigenvalues of p.##z @ Ag are in the complex left
half plane, i.e., p.7#& @ Ao is Hurwitz. By the Theorem 1, &, is Hurwitz, then we have
lim,_..& =0, i.e., lim_.); = 0.

Substituting y; = x; — IT; into Eq. (3) yields

=C(xi+1o) - Cow
ZCX,'—i-(CH,'—C())(D (33)
=Cxi,

then lim;_,oe; = lim;_,.CY; = 0. Therefore, the conclusion is proved.

The process to design the hybrid feedback control strategy (6) is presented in Algorithm

Algorithm 1. Assuming that the Assumptions 1-3 are satisfied, then the hybrid feedback
control strategy (6) can be designed as follows

1. Choose the gain matrices Kj; and F; such that A; + B;Kj; and A; + F;C; are Hurwitz.

2. Solve the regulator equations (11) to get II; and I';, then the gain matrix Ky; =

I'; — K1;I1; can be obtained.

3. Choose p < 0 such that Zg ) defined in (8) is negative semi-definite.
Here, the gain matrices K;, Ky;, F; and regulation factor p are the parameters of the control
method (6).

Remark 1. Let x} be the difference between the system variable x; and the estimated variable
X;, then
X =g %
= Aix; + Biu; + E;0 — (Ai%; + Biu; + E;0 + F;(Ci%; — Cix;)) (34)
= (Ai + FiCi)x;
Because the pair (C;,A;) is detectable, so there exists matrix F; such that A; + F,C; is
Hurwitz, i.e., xj — 0, (f — o).

Remark 2. In this paper, we consider the partial unmeasurable agents, i.e. not all agents are
measurable or unmeasurable. We only design the observer for the unmeasurable agents. For
the unmeasurable agents, we can design the reduced-order observer by introducing the state
transformation x;(t) = J;x;(¢),i = k+ 1,...,N, then the system (1) can be changed into

m,(t) Al (8) + AP (t) + Blui(t) + El 0(t)
(1) = A1) + A2, (t) +Biui(1) + Ef (1)
)= i (£)i = ket 1,...
A All AR B\ .
where A; = 7714, 7 = ( A21 A2 ) =77 'B; = ( Bz ),Ci = Ci.7; = (I5,0) and
E=7'E = [E]} E2] The reduced-order observer is designed as

17771

Tui(k+ 1) = A1 (k) + AP 7 (k) + Brui (k) + EFw(k) + LA (xui(k) — Zui(K))
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where L; is a constant matrix. And the distributed feedback controller can be designed as

i(t) = Ljen, aij (Cixi(t) — Cjx;(t)) +aio (Cixi(t) — yri(t))
Gi(t) = Yjen, dij (%ui (1) — %uj (1)) + aiofi (1)

ni(t) = Gini(t) + G26i(¢)

U; t) = Klig,'(l) —I—Kz,’&'(t) +K3,'T]i(t>7i =k+1,...,N

where K|; € R7*("=P) K,. € R1*P and K3; € R are the gain matrices. 8; > 0is a parameter
to be designed. And the matrix pair (G, G>) is the p-copy internal model. The proof process
is similar to that in [31]. Note that in above controller, the dimensions of unmeasurable
states for all agents are assumed to be the same.

5. Simulation and examples

To illustrate the theoretical results, we take the linear heterogeneous MASs with five agents
indexed by 0—4 into account. The node 0 denotes the exosystem, and the nodes 1-4 denote
the four agents. Three cases including 1) partial unmeasurable agents 2) all measurable
agents and 3) all unmeasurable agents are considered.

5.1. Numerical examples

Example 1. In this example, we take the linear heterogeneous MASs with the same
dimensions into account. The four agents are expressed as

)éi(l) :A,-xi(t) +B,'I/ti(l) +El-co(t),

35
yi(t):Cixi(t),i:l,2,3,4, (35
0 1 0 0 O
where A; = < 0 —1 ),B,- ( 1 >,C,-[1,0] and E; = ( 0 —i )
The dynamics of the exosystem are described as
o(t) =A)w(t),
(1) = Ao 56
Yo(t) = Cooo(t),
0 1
where Ay = 10 and Cy = [1,0].

Four switching topologies ¢, %, ¢ and ¥, are considered in this paper, shown in Fig.
1. Suppose that the interaction topologies switch as 4, — % — % — 94 — % — .... And
the dwelling time is selected as 7 = 0.5s.

(@) (b) () (d)
Figure 1. Communication topologies: (a) ¥4, (b) %, (¢) %, and (d) ¥

By the regulator equations (11), the matrices IT; = ( (1) (1) > (i=1,2,34), T =

[-1,2],T,=[-1,3],'3=[—1,4] and Ty = [—1, 5] can be obtained. Since the pair (A;, B;) is
stabilizable, there exists matrix Kj; = [—6,—6] such that A; + B;Kj;(i = 1,2,3,4) is Hurwitz.
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Then Ky =1") — K I1; = [5,8}, Ky = [5,9}, Ky = [5, 10] and Kp4 = [5, 1 1] Besides, the
pair (Cj,A;) is detectable, there exists matrix F; = [—8; —8] such that A; + F;C;(i = 1,2,3,4)
is Hurwitz. Moreover, the regulation factor p = —1.

The experiment is conducted with random initial states. The simulation results are given
in Figs. 2-9. For case 1, the agents 1, 2 are assumed to be measurable, i.e. k = 2. Fig. 2
depicts the measurement outputs of all agents. It can be observed that the trajectories of the
measurement outputs are consistent with that of the reference output. The regulation errors
are shown in Fig. 3. One can get that all regulation errors converge to zero asymptotically.
Besides, we use e} = \/||x;(t) — £;(1)||?,i = 3,4 to denote the estimation errors of MASs
(24) under the designed observer (4). Fig. 4 presents these results. It demonstrates that the
designed observer (4) can estimate the unmeasurable states x3 and x4 very well. For case
2, the obtained results are presentd in Figs. 5 and 6. We can get that the regulation errors
of four measurable agents tend to zero asymptotically. And if k = 0, the numerical results
for case 3 (i.e., all agents’ states are unmeasurable) are shown in Figs. 7 and 8. We can get
that the regulation errors of four unmeasurable agents can tend to zero. And the estimation
errors of all unmeasurable agents are depicted in Fig. 9, which indicates that the estimation
errors can tend to zero. From the above three cases, we can get that whether the states are
measurable or not, the control protocol (6) can settle the output regulation issue of linear
heterogeneous MASs under switching topology.

7

Agent 1
08gFy e Agent2| 1

————— Agent 3
— — —Agent4|

Leader

0.6

0 — 4 of five agents

0.4

0.2

of

I e o)

-0.2

ol ‘U U

-0.8

The measurement outputs y;(t), i

0 10 2‘0 3‘0 4‘0 5‘0 60
Time t
Figure 2. Example 1: the measurement outputs y;(¢) of five agents; the agents 3, 4 are

unmeasurable

0.5

Agent 1
.......... Agent 2
————— Agent 3
— — —Agent4

1 — 4 of four agents

The regulation errors e;(t), i

0 1‘0 2‘0 3‘0 4‘0 5‘0 60
Time t
Figure 3. Example 1: the regulation errors ¢;() of four agents; the agents 3, 4 are

unmeasurable
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of agents 3, 4

*
i

The estimation errors z

Figure 4. Example 1:

The measurement outputs y;(t),7 = 0 — 4 of five agents

Figure 5. Example 1:

1 — 4 of four agents

The regulation errors e;(t),i

0.5

0.45

0.4

0.35

0.3

0.25

0.2

0.15

0.1

0.05

1

0.8

0.6

0.4

0.2

0

-0.2

-0.4

-0.6

-0.8

-1

1
0
0 1 2
0 10 20 30 40 50 60
Time t
the estimation errors x; of agents 3 and 4
1 Agent 1
L Agent2| |
l S Agent 3
ll| h - — —Agent4| ]
i '.’-..! ¢ Leader
i
i
Ly
!
L
i
Y
.
\i
ou
0 10 20 30 40 50 60

Time t

the measurement outputs y;(¢) of five agents

0.8

-0.6

T T T T T
Agent 1
.......... Agent2| |
————— Agent 3
= = = Agent4
.
L L L L L
0 10 20 30 40 50 60
Time t

Figure 6. Example 1: the regulation errors ¢;(¢) of four measurable agents

Example 2. In this example, we take the linear heterogeneous MASs with different
dimensions into consideration. The dynamics and output matrices of agents 1, 2 and the
exosystem are the same as those of Example 1. The dynamics and output matrices of agents
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o

Agent 1
.......... Agent 2
————— Agent 3
- — —Agent4| ]
Leader

o
o -
prre

o

o
3

The measurement outputs y;(t),7 = 0 — 4 of five agents

20 30 40 50 60
Time t

Figure 7. Example 1: the measurement outputs y;(¢) of five agents

o
3t

0.6 T T T T T

g Agent 1
O Agent2| |
F= N i Agent 3
2 — — —Agent4
k)

<

|

—

Il

3

=

3

g

3

B

4

2

3]

08 L L L L L
0 10 20 30 40 50 60

Time t
Figure 8. Example 1: the regulation errors ¢;(¢) of four unmeasurable agents

1.2 T T T T T
Agent 1
.......... Agent 2
2 “Ww ! T Agent 3| |
< - - -Agent 4
0
@
& 0.8
kS
W 3
@
S 06
3
% 04
2
£ 02 k
o2 . . . . .
0 10 20 30 40 50 60

Time t

Figure 9. Example 1: the estimation errors x} of four unmeasurable agents

0 1 0 0
3, 4 are described as (30) with A; = | 0 O 1 ,Bi=1 0 |,C; =11,0,0] and
0 -1 -2 1
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0 0
E=|0 0 (i = 3,4). The matrices IT;,I';, K}; and F; for i = 1,2 and the regulation
0 —i
1 0
factor p are the same as those of Example 1. The matrices IT; = 0 1 |(i=3,4),
-1 0

I's = [-2,3] and 'y = [—2,4]. Besides, Kj; = [-6,—6,—6], F; = [-8;—8;—8](i = 3,4),
K>3 = [—2,9] and K»4 = [-2,10].

Similar to Example 1, the experiment is also conducted with random initial states. The
simulation results are given in Figs. 10—17. For case 1, assume k = 2, the measurement
outputs and regulation errors are depicted in Figs. 10 and 11. From Fig. 10, we can get that
the output trajectories of four agents can track that of the external system. Fig. 11 indicates
that the regulation errors of four agents converge to zero asymptotically. Moreover, the
estimation errors of agents 3 and 4 are shown in Fig. 12. It demonstrates that the designed
observer (4) can asymptotically estimate the unmeasurable states x3 and x4. For case 2,
i.e. k =4, the simulation results are shown in Figs. 13 and 14. It can be observed that the
regulation errors of four measurable agents asymptotically converge to zero. For case 3, i.e.
k = 0, the measurement outputs and regulation errors of all agents are presented in Figs. 15
and 16. We can get that the regulation errors of four unmeasurable agents can tend to zero.
Moreover, the estimation errors of all agents are depicted in Fig. 17. From the above results,
we can see that the proposed controller (6) can address the output regulation issue of linear
heterogeneous MASs under switching topology.

Agent 1
.......... Agent 2

Agent 3
— — —Agent4|
Leader

0 — 4 of five agents

o
o

05

The measurement outputs y;(t),

0 1‘0 2‘0 3‘0 4‘0 5‘0 60
Time t
Figure 10. Example 2: the measurement outputs y;(¢) of five agents; the agents 3, 4 are

unmeasurable

5.2. Comparison example

In this section, the comparison method in [17] is used for illustrating the merits of our
controller. Moreover, the directed graph in [17] is used for comparison. The system
matrices are given as follows

0 1 0 1 0 -1 0 —1
Al:(o 0)’A2:(1 0>’A3:<1 0 )’A“:(o 0 )’AS:A6:
A7:A8:A9:A4,BI:<?>,32:<}),33:<?>,B4:<?>,35:B6:

-1 05 0 2
B7=B8=B9=B4E = 5>,E2<_1 0_5>,E3<_1 0>,E4

0
-0.
0 2 .
| | )ES=E6=E7=E8=E9=E4 and G = [1,01i = 1,2,....9. The

1
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Figure 11. Example 2
unmeasurable

The estimation errors z; of agents 3, 4

Figure 12. Example 2

The regulation errors e;(t),i =1 — 4 of four agents

The measurement outputs y;(t),7 = 0 — 4 of five agents

0.8

0.6

: the regulation errors ¢;(¢) of four agents; the agents 3, 4 are

0.8

0.7

0.6

0.5

0.4

01t

0.8

0.6

Agent 1
Agent2| 7

Agent 4 |

10

20

30
Time t

40

50

60

1
0.5
0
0 2
10 20 30 40 50 60
Time t
: the estimation errors x} of agents 3 and 4
k Agent 1
‘ ---------- Agent2 | |
1 Agent 3
HE‘ ."l‘ - — —Agent4| ]
' H Leader
i
10 20 30 40 50 60
Time t

Figure 13. Example 2: the measurement outputs y;(¢) of five agents

exosystem matrices Ay and Cy are given as Ay =

0

-1
After simple calculation, the solutions of the regulator equations (11) can be obtained

1
0

and Cp = [1,0].
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The regulation errors e;(t),i =1 — 4 of four agents

08 . . . . .
0 10 20 30 40 50 60
Time t

Figure 14. Example 2: the regulation errors ¢;(¢) of four measurable agents
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Figure 15. Example 2: the measurement outputs y;(¢) of five agents

0.4

®

=

& Agent 1
=03y e Agent2 | -
= 9y | == Agent 3
<2 — — —Agent4
- ]
3

-

|

—

The regulation errors e;(t),i

0.4 1 L L . .
0 10 20 30 40 50 60

Time t
Figure 16. Example 2: the regulation errors ¢;(¢) of four unmeasurable agents

M= {4, )0=12..9 T =[205 T=[,-05 I3=I[-10]
I'y =[0,—1],'s =T'¢ =Ty =Ty =g = I'y. The distributed control law (6) is designed
with control gains Kj; = [—8,—4],K12 = [—5.5, 1.5],K13 = [7,—4],[(14 = [8,—4],[(15 =
Kis = Ki7 = Kis = Ki9 = K14, Ka1 = [6,4.5],K» = [6.5, 2], K23 = [-8,4],K»q =
[—8,3],Ks = Kz = K27 = Kag = Kr9 = Kps. Moreover, the regulation factor p = —1. The
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0.9 ——
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o8t | e Agent 2|4
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) 1 - - - Agent 4
%07 |
=06
~05
=z
£ 04
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o 0.2
E
0.1 f
&
0 . . . . .
0 10 20 30 40 50 60

Time t

Figure 17. Example 2: the estimation errors x; of four unmeasurable agents

distributed control law (7) in [17] is designed with the same gain matrices.

The comparative experiment is implemented with the same initial states
x1(0) = [2,—1]7,x2(0) = [-2,1]7, x3(0) = [0,—2]7,x4(0) = [0.5,-2],x5(0) = [3,1]7,
x6(0) = [—1,—1]7,x7(0) = [3,1]7,x5(0) = [2,—1]7,x9(0) = [0.5,1.5]7, ®(0) = [0,0]7,
and all other initial states are chosen to be zeros. The three-dimensional spatial output
trajectories of [17] and our paper are presented in Fig. 18. And the regulation errors of [17]
and our paper are given in Fig. 19. It can be seen that our method uses shorter time to track
the external system. Hence, our controller is superior to [17] in terms of convergence speed.
Moreover, the states of all agents are assumed to be measurable in [17]. However, in
practice, it is difficult to measure all states due to high cost or technical constraint. For the
case of unmeasurable states, the controller proposed in [17] is not applicable, while the
controller proposed in this paper can solve this problem.

——u —¥—y
]
Y3
——
——ys
Yo
— s
Ys
——

(a) (b)
Figure 18. The 3D phase plane plot of all agents’ output dynamics of (a) [17] and (b) this
paper.

5.3. Application examples

In this section, to verify the practicability of the hybrid control protocol (6), the proposed
controller is applied to the mobile robots and mass-damper-spring systems. The
communication topology with seven mobile robots or seven mass-damper-spring systems is
shown in Fig. 20.
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Figure 19. The regulation errors ¢;(¢) of nine measurable agents of (a) [17] and (b) this
paper.

Figure 20. The communication topology among seven mobile robots or seven
mass-damper-spring systems

In recent years, more and more research attention has been paid to the mobile robots
due to its extensive applications such as universe exploration, factory automation and ocean
development. Firstly, we consider the output regulation problem of seven mobile robots
modeled as [32]. The system dynamics of each follower mobile robot are described as

0 1 0 0 0 0
Ai: 0 0 Ci ;Bi: 0 ,E,’: 0 0 ,Ci:[l,0,0],
0 —di —a b; 0 e

where a;, b;, c;, d; and e; are positive constants. The first two state components are considered
as position and velocity and the third state component is regarded as an actuator state. The
leader’s dynamics are modeled by (2) with

Ay = [ - ],Coz[l,o].

The system parameters f; = [a;,bi,cidie],i = 1,...,6 are chosen as
f=11,1,1,0,1], 2 =[10,2,1,0,1], s = [2,1,1,10,1], fu = [2,1,1,1,3], fs = [1,1,1,0,3],
and fs = [10,2,1,0,3]. The feedback gain matrices are selected as
K, = [-27,-27,-8],K, = |[-13.5,—13.5,0.5],K5 = [-27,—17,-7],K4y =
[-27,-26,—7],K5s = [-27,—27,—8], and Kg = [—13.5,—13.5,0.5]. Moreover, by the Eq.

1 0
(11), we have I1; = 0o 1 1,i = 1,...,6,
00
Iy =[0,—1],I, = [0,-0.5],I's = [0,9],T's = [0,—-2],T's = [0,—3], and I's = [0,—1.5].
Furthermore, the regulation factor p = —1, and the distributed control law (7) in [17] is

designed with the same gain matrices.
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The comparative experiment is conducted with the same initial states as those in
section 5.2. The regulation errors of [17] and our paper are shown in Fig. 21. It can be seen
that the two controllers can be used for the output regulation of mobile robots, and our
method uses shorter time to track the external system. Therefore, the hybrid feedback
controller (6) has superior performance than [17] in terms of convergence speed.

w

- Agent 1
————— Agent 2|
Agent 3
- --Agent 4|4
---Agent 5
Agent 6|

——-Agentl
***** Agent2
Agent3|]
---Agent4
- -~ Agent5|
Agent6|

n

e R

=3

o

S
o

1
|
The regulation errors ;(t) of six mobile robots

=)
2t

i 0 10 20 30 40 50 60 20 30 40 50 60
Time t Time t

(a) ()
Figure 21. The regulation errors ¢;(¢) of six mobile robots of (a) [17] and (b) this paper.

Secondly, we consider the output regulation problem of six mass-damper-spring systems
and one harmonic oscillator [10]. The system dynamics of each mass-damper-spring system
are given as

Vi +giyi + hiyi = u;, 37

where u; and y; are the input and output of i-th mass-damper-spring system, respectively.
gi = 0.6+0.2i and h; = 2.5 — 0.5i are the damping coefficient and spring coefficient,
respectively. Denoting x;; = y; and x;» = y;, the systems (37) can be expressed as

0 1 0
Xi = Xi+ Ui,
(S o (1) o

Yi = (1, O)x,'.
The harmonic oscillator is used for leader, and its dynamics are as follows
X0 = ( 0 @ ) X
0 o 0 0, (39)
yo = (1, 0)xo,

where @ = 1.

The feedback gain matrices are selected as K; = [—27,—27],K, = [—13.5,—13.5],K3 =
[-27,—17],K4 = [-27,—26],K5s = [-27,—27], and K¢ = [—13.5,—13.5]. Moreover, by the
(1) (1) } ,i=1,...,6,T1 =[2.0,0.8],T», =[1.5,1.0],T3 =
[1.0,1.2],T4 =[0.5,1.4],Ts = [0,1.6], and I's = [—0.5,1.8]. Furthermore, the regulation
factor is selected as p = —1 and the distributed control strategy (7) in [17] is designed with
the same gain matrices.

The comparative experiment is also conducted with the same initial states as those in
section 5.2. The simulation results are presented in Fig. 22. One can get that the two
control strategies can be used for the output regulation of mass-damper-spring systems, and
our method takes shorter time to track the external system. Hence, our control strategy is
superior to [17] in terms of convergence speed.

Eq. (11), we can obtain IT; =
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——-Agentl ——-Agent 1
***** Agent2 & ---Agent 2
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= Time t =) Time t
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Figure 22. The regulation errors ¢;(¢) of six mass-damper-spring systems of (a) [17] and
(b) this paper.

6. Conclusion

In this work, we have considered the output regulation problem of linear heterogeneous
MAS:s with partial unmeasurable states under switching topology. The agents excluding the
external system have been divided into two groups with measurable agents or unmeasurable
agents. For the unmeasurable agents, we have constructed the full-order Luenberger observer.
Moreover, a dynamic compensator has been designed for these agents that cannot obtain
the information from the external system directly. Then a hybrid control strategy with the
designed observer and compensator has been proposed to address the output regulation issue.
Simulation results have denoted that the proposed controller is feasible and promising for
the output regulation issue of linear heterogeneous MASs under switching topology. Future
research along this direction will address the output regulation issue of nonlinear MASs
with time delay under switching topology. How to choose the nodes to obtain influence
maximization is also the future research direction [33, 34].
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