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Abstract

This paper investigates a new class of linear multi-agent network systems, in which nodes are coupled by dynamic edges in
the sense that each edge has a dynamic system attached as well. The outputs of the edge dynamic systems form the external
inputs of the node dynamic systems, which are termed “neighboring inputs” representing the coupling actions between nodes.
The outputs of the node dynamic systems are the inputs of the edge dynamic systems. Several cooperative output regulation
problems are posed, including output synchronization, output cooperation and master-slave output cooperation. Output
cooperation is specified as making the neighboring input, a weighted sum of edge outputs, track a predefined trajectory by
cooperation of node outputs. Distributed cooperative output regulation controllers depending on local state and neighboring
inputs are presented, which are designed by combining feedback passivity theories and the internal model principle. A simulation
example on the cooperative current control of an electrical network illustrates the potential applications of the analytical
results.
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1 Introduction

With the popularity of intelligent devices and the fast
development of communication technology, multi-agent
network systems (or the closely related subject of com-
plex dynamic networks) have attracted more and more
attentions in the control literature during the past
decade [1-11], because interactions and cooperations
between units become increasingly important. Such a
network system is often described by a graph, where
nodes represent the dynamic subsystems and edges the
interactions between these subsystems. One significant
feature of these systems is that they can achieve some
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collective behaviours, such as synchronization, swarm-
ing, formations and so on, with each node running a
decentralized or distributed feedback controller, rather
than a centralized controller.

Among these collective behaviors, consensus and syn-
chronization are the most extensively studied ones.
The term consensus arose to mean that all the agents
have variables of interest converge to one common
value. Since the seminal work [12], where conditions
were presented for consensus of undirected multi-agent
systems with first-order integrators, many significant
results have been reported for first-order or second-
order multi-agent systems. Readers can refer to recent
surveys [13,14] and earlier surveys [15, 16] for details.
The term synchronization arose to mean that all the
agents have variables converge to one time-varying tra-
jectory, a common behavior in both time and space. In
fact, synchronization has a long history study in the
field of physics, including phase synchronization, limit-
cycle synchronization and chaos synchronization. Most
results are for nonlinear identical systems, but recent
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results have extended to non-identical nodes with re-
laxed synchronization concepts [8,17,18]. For nonlinear
synchronization in networks of dynamic systems, refer
to survey [19]. There are several works reported for syn-
chronization of linear multi-agent systems with focuses
on the output feedback in recent years [20-23].

Whereas consensus or synchronization requires that
agents are going to have an identical states, output
synchronization might occur with non-identical agents
and is often more interesting. Xiang et. al. studied out-
put synchronization in networks of identical agents by
using the output regulation method [24]. Kim et. al.
studied output synchronization in networks of single-
input and single-output non-identical agents [25]. Wang
et. al. presented an internal model controller for out-
put synchronization for more general heterogeneous
multi-agents systems [26]. It is proved in [27] that the
internal model principle is a necessary and sufficient
condition for non-trivial output synchronizations. Grip
et. al. studied the output synchronization problem of
general right-invertible linear node systems with no
knowledge about their own state or output but there
is a knowledge of the relative outputs [28]. An almost
output synchronization was addressed in [29], where the
output synchronization error due to the disturbances is
optimized in terms of the H., norm.

In most studies on consensus, agents do not have in-
teractions with each other before their controllers are
added. The received or measured neighboring informa-
tion forms virtual edges between agents. Each edge can
be thought of as a simple algebraic map to get a rela-
tive error between two connected agents. However, there
are many real large systems in which their subsystems
are inherently coupled to each other, such as power net-
works, ecological systems and so on. Such a system was
seldom described by a graph and studied by graph the-
ories, partly because the network structure is not got-
ten enough attention. Previous studies on these large
systems focus on stability analysis or decentralized con-
trollers whose purpose is to overcome the coupling influ-
ences on stability [30-33].

This paper presents a new class of inherently coupled
multi-agent network systems that has both dynamic
nodes and dynamic edges. Outputs of edge dynamic sys-
tems combine to form external inputs of node dynamic
systems, which are termed mneighboring inputs, while
the outputs of node dynamic systems are the inputs of
edge dynamic systems. Several cooperative output reg-
ulation problems are studied, including output synchro-
nization, output cooperation and master-slave output
cooperation. Output cooperation in this study means
that the nodes have their outputs cooperate for some
objective that is specified as making the neighboring
inputs track some reference trajectories. The proposed
controller is distributed in the sense that the feedback
information contains not only the local state of the

agent itself, but also the neighboring input which con-
tains some indirect information of neighboring agents.
There are several works about adaptively adjusting the
edge weights [34,35]. The dynamics on the edge weights
is different from those considered in this paper. In [36],
a fairly related but different work was reported. There
the agents interact with each other by the controllers
placed on edges, so it is the edge dynamics rather than
the node dynamics to be designed to achieve output
synchronization.

The development here is passivity-based. The edge dy-
namics is assumed to be strictly passive and the node
dynamics to be feedback passive from the neighboring
input to the nodal local output. There are several works
which exploit passivity for seeking consensus or synchro-
nization of multi-agent systems. In [37], output synchro-
nization in networks of nonlinear systems that are input-
output passive was investigated. In [38], a passivity-
based design is proposed for a coordination problem of
second-order multi-agent systems by making the feed-
back channel to be passive. These results are not ap-
plicable here, because of non-Hurwitz exosystems being
considered (due to the internal model principle). The
closed-loop system is no longer formed by a negative
feedback interconnection of two passive systems.

The main originality of this paper is two fold. One is the
new model with dynamic edges and the output cooper-
ation problem thereof. The other is the idea combining
the tools of passification and internal model, and the so-
lution based on it. The first tool together with the pas-
sivity of edge dynamics leads to a decentralized way to
solve the problems and the second tool ensures a no-bias
trajectory tracking.

The remainder of this paper is organized as follows:
Section 2 presents the new multi-agent network system
with dynamic edges and specifies two problems of out-
put cooperation and output synchronization. Section 3
addresses the output synchronization problem by three
subsections of internal model control, passification de-
sign and solution for output synchronization. Sections 4
and 5 address the output cooperation and the master-
slave output cooperation problems, respectively. Section
6 provides a numerical simulation showing applications
of the developed results on cooperative current control
of an electrical network. Section 7 concludes this paper.
All the proofs are placed in the Appendix. A brief ver-
sion without proofs has been presented in [39].

2 Problem Formulation

Consider a multi-agent system of IV nodes and M edges,
where the node dynamics have the form of

’ i:1727"'7N7 (1)

yi = Cix;



(a) Using dynamic edges

(b) Not using dynamic edges

Fig. 1. A motivation example of dynamic edges

where x; € R"™ is the state of node 7, u; € R™ the input,
yi € RP the output and v; € RP is the neighboring input
to represent influences from other nodes. A;, B;, C; and
D; are constant matrices with compatible dimensions.

Differently from previous formulations where v; is an al-
gebraic function of z; and x; with node j being a neigh-
boring node of node i, we consider here that all the nodes
are coupled by dynamic edges, that is, each edge has a
dynamic system model as well,

2 = Bz + Fis, )

{sz:éz;z 117 2:1323"'7M7 (2)

where z; € R, s; € R™¢ and w; € RP are the state,

input and output of edge i, respectively. F;, F; and G;
are constant matrices with compatible dimensions.

A1) Matrices B;, D; and F; are assumed to be of full
column rank; C; and G; are assumed to be of full row
rank.

The N x M incidence matrix H describes the coupling
relationship between the nodes, and is defined as

+1, node 7 is at the positive end of edge j,
hij = { —1, node i is at the negative end of edge 7,

0, otherwise.

(3)
The orientation of each edge only reflects that the influ-
ence of an edge on two nodes connected by the edge are
opposite and can be set arbitrarily. The node neighbor-
ing input v; and the edge input s; are assumed to satisfy

M
Ui:_zhijwj7 i:1,2,"',N,
j=1

Si:Zhjiij i:1323"'7M
j=1

The dynamic edges model above, as well as the cooper-
ative output regulation problem to be defined later, can
be illustrated using an electrical power network that as
a strongly nonlinear interconnected system, is very dif-
ficult for analysis and control. Fig. 1 illustrates a sim-
plified power network, where four generator nodes have
output voltage y; for the local load, and are coupled to
each other by the transmission line that is a dynamic
system due to the presence of inductance. Neighboring
input v; influencing node output y; is formed by the edge
outputs w; that is in turn determined by the node out-
put y;. Therefore, both regulating the node output and
regulating the neighboring input are cooperative behav-
iors between nodes.

The network in Fig. 1 can also be described by a multi-
agent model without dynamic edges by incorporating the
dynamic edges into the node systems. Clearly there are
multiple ways to do this. Fig. 1(b) provides an example,
where edge 1 and edge 5 are placed into the node 2
and the remained edges are placed into nodes one to
one. Such a model has at least two drawbacks, compared
with the dynamic edge model in Fig. 1(a). One is that
incorporation of edges losses structural information of
edges and moreover the optimal incorporation is difficult
to find. The other is that the coupling is not uniform
between nodes.

Our goal is to design u; for each node ¢, =1,--- | N,
which depends on the information of x; and v;, so as to
cooperatively regulate the neighboring inputs to track
some trajectories given by

v :Snl/i7 ﬁi:QvViv 1= 13"' 7N7 (5)
where v; € RY is the state of neighboring input reference

system, @, € RP*?is the output matrix, and S,, € R9*?
satisfies

A2) Matrix S, has all eigenvalues locate on the imagi-
nary axis with the algebraic multiplicity of 1.



Remark 1 Assumption A2) means that there is
a symmetric positive definite matriz P, such that
P,S, + SIpP, <0.

Formally, the following problem is proposed,

Output Cooperation Problem: Given a multi-agent
system consisting of dynamic systems (1) and (2) with
the relationships (3) and (4), design a distributed control
law depending on local states x; and neighboring inputs
v; such that the closed-loop system has each neighboring
input asymptotically converge to its reference trajectory
given by (5), namely,

v; > v, forall i=1,2,--- N. (6)
There are many real scenarios requiring the output coop-
eration, among which regulating neighboring input, as
illustrated in Fig. 1, corresponds to the output current
control of generators. Cooperatively pushing an elastic
object along the predefined trajectory by mobile robots
is another example of output cooperation, since the ob-
ject has dynamics due to the elastic contact with robots.
The output cooperation is also valid for the conventional
multi-agent system without dynamic edges. In such a
case, w; = G}F;s; for some matrix G and the goal be-
comes making some weighted sum of nodal outputs track
given trajectories.

One of the challenging points of the output cooperation
problem is that the variable to be regulated is not a
node state variable but a combination of outputs of edge
dynamic systems that are driven by the node outputs.

Notice that the node outputs are the inputs of edge sys-
tems. According to the internal model principle it is nec-
essary for output cooperation problem that the node
output has the mode of S,. In this consideration, we
propose another cooperative output regulation problem
synchronizing the node outputs to a common trajectory
yn that is given by

o = Snﬁo, Yn = Qn7707 (7)
where 179 € R? is the exosystem state, y, € RP the
exosystem output, and @), the output matrix.

Output Synchronization Problem: Given a multi-
agent system consisting of dynamic systems (1) and (2)
with the relationships (3) and (4), design a distributed
control law depending on local states x; and neighbor-
ing inputs v; such that all the nodes have their outputs
in the closed-loop system asymptotically converge to a
nontrivial common trajectory ys,.

Remark 2 Output synchronization considered here not
only is of important significance by itself, but also, as
seen later, plays a key step for developing results of the

output cooperation problem. It should be pointed out that
yn defined above is a family of trajectories given that the
initial condition 1o (0) is arbitrary. This means that y,, is
not known before output synchronization; whereas v; in
the output cooperation problem are predefined and known
all the time.

An assumption for the edge dynamic system is made as
follows,

A3) The edge dynamic system (F;, F;, G;) is strictly
positive real in the sense defined in [40].

In the output synchronization state, s; = 0, subse-
quently w; = 0 since F; is Hurwitz, and then v; = 0.
Therefore, the output synchronization problem can be
regarded as a special case of output cooperation prob-
lem with v;(0) = 0.

The network topology is assumed to satisfy

A4) The network is connected, namely, the row rank of
the incidence matrix H is N — 1.

This assumption implies that only 1 is the null space base
of HT i.e., HT1 = 0, where 1 denotes the vector with
all elements being 1. Define a matrix 7 € RON-DxN
satisfying 71 = 0 and T TT = In_1 and an induced
matrix H = TH. It can be verified that H is of full row
rank. Matrices H and T will be often used in the rest of
this paper.

Before to end this section, let us return to the electrical
network in Fig. 1. If S, = [0, w; —w, 0] for some angle
frequency w, then the output cooperation and output syn-
chronization problems are to make the output currents
track some given sinusoid and to make the output volt-
ages not only synchronize but also be a sinusoid with fre-
quency w, respectively. Although the most difficult fre-
quency synchronization problem is avoided by setting a
common S, the development below shows that the anal-
ysis and control is still a challenging problem even for
an electrical network that is linear when the frequency
is fixed and known. Assumptions for node dynamics are
given in the next section along with the controller design.

3 Output synchronization
3.1 Internal model controller

Since all the node outputs should synchronize on a tra-
jectory that is unknown but determined by (.5, @), see
(7), a natural starting point is that each node makes its
output track a reference trajectory, which is independent
of others and produced by

i:1327"'aNa (8)

1 = nMis  Yni = Qnm,



where 7; € R? is the exosystem state, and y,; € RP the
exosystem output. The tracking error is defined by

e =Y — Yni = Cixi — Qumi- (9)
An internal model controller to make e; — 0 has the

form of )
G = GG + Gai(yi — Qymi) (10)
Uy = Kpiwy + KeiG

where (; € R is the controller state, matrix pair
(Gi1,Gi2) incorporates a p-copy internal model of ma-
trix Sy, and K,; and K,; are feedback gains to be
designed in the next subsection.

The p-copy internal model is a crucial skill to address
robust output regulation problem with p dimensional
outputs , which is recalled as follows for readability [41].

Definition 1 (p-copy internal model) Given a ma-
triz Sy, a pair (G1,G2) is said to incorporate a p-copy
internal model of S, if the pair (G1,G2) admits the fol-
lowing form

S1 S

G1=T, T,', Gy=T,

53], (1)

pl Gp2

where S1, 52,55 are arbitrary matrices with compatible
dimensions, T, is any non-singular matriz with same
dimension as G1 and (Gp1, Gp2) 1s described as follows

Gpl = dlag [ah e 7ap}7 Gpl = dla'g [517 e 751)]7 (12)
————
p—tuple p—tuple
where for i = 1,--- |p, a; is a constant square matriz

of dimension d; for some integer d; and (B; is a constant
column vector of dimension d; such that

(i) «; and B; are controllable.
(i¢) The minimal polynomial of S, divides the charac-
teristic polynomial of o;.

Here for S, satisfying Assumption A2), the minimal
polynomial is the same as the characteristic polynomial
and d; = q. Let a;(A\) = A+ a1 A7+ a1\ +ay
be the minimal polynomial of .S,,. A general way to show
how the internal model forces the tracking error to be
zero is to select (o, ;) in the controllable canonical form
described by

0 1 0 0

Q; = ) 57, = (13)
0 0 1 0
—Qg —Qg—1 —aq 1

Taking p = 1 for example, the first equation in (10)

becomes )

G =i+ By — Qumi)- (14)
When the closed-loop system is exponentially sta-
ble, the system steady state is driven by the exosys-
tem, namely, there are matrices © and II such that
¢; — Omn; and x; — IIn;. Substituting {; = On; into
(14) yields 0y = 915»,7,93 S 01572,,' . ,9(1 = 9157%_1 and
0,5y, + >0 aiby—iv1 = yi — Quni, where 6; denotes
the ith row of ©. The left side of the last equality is
nothing but 91(5571 + alel]’l + -+ 4 aq) = 0 due to the
Cayley-Hamilton theorem. This means that y; — Q7
and C;I1 = @,,. In summary, the Lemma 1.27 in [41] is
simplified as follows,

Lemma 1 The zero tracking error is guaranteed by
the p-copy internal model controller (10) if the resulted
closed-loop system is exponentially stable.

3.2  Passification design

With controller (10), the dynamics of node system (1)
becomes

y; = Cyit; (15)

[,
) DZ: 3

, C’i:[CiO}~

1;’1' = Ali'z + bivi + bniniv

where §; = [asiT,CiT]T,

Ai + B Ky BiKe;
G2:C; G
0

—GQiQn

%

ni =

In a single-node system, it is enough to make A; be Hur-
witz for output regulation. Here for cooperation among
nodes, an extra passification is required for the design of
feedback gains K;, K¢;.

A5) The feedback gains K,; and K; are designed in
such a way that A; is Hurwitz and the closed-loop
system (A;, D;, C;) is passive.

Making A; Hurwitz requires that node i satisfies the
following assumptions,

A51) Matrix pair (4;, B;) is stabilizable.
A52) For any eigenvalue A of S,

( A; — M B; )
rank =n; +p.

C; 0
There has been plentiful works on the passification de-
sign (see [42] [43] for surveys of this area) to make a
system be a ”direct” passivation with respect to input,




but seldom works are reported for rendering a system an
“indirect” passivation with respect to the disturbances
input. Arcak and Kokotovié¢ [44] presented the feasi-
ble condition for rendering a single-input-single-output
(SISO) system strictly positive real with respect to the
disturbance input. The feasibility condition for the in-
direct passification design required in Assumption A5)
is still open problem. However, if the node system is re-
stricted to the direct passification case, i.e, B; = D;, one
feasibility condition can be stated as follows,

A53) C;B; is symmetric positive definite (SPD).
A54) The polynomial ¢o(A) = det [Aicj,)‘I %’] is Hur-
witz, i.e, minimum phase condition,

The combination of the two assumptions is called the
hyper minimum phase condition [45]. As illustrated be-
low, this condition is also valid for the passification by
the internal mode controller (10) with assumption A2).

Theorem 1 Given a node system (1) with B; = D; and
with assumptions A2), A53) and A54), there exist feed-
back gains K,; and K¢; such that the closed-loop system
(15) satisfies Assumption A5).

Assumption A53) restricts that the system is of the uni-
form relative degree one. Assumption A54) together with
A2) implies A52). Since our main focus is not on the pas-
sification design, in this paper we use Assumption A5)
instead of A51)~A54) to leave the possibility for more
general node systems that could be of indirect passifica-
tion.

3.8 Solution for output synchronization

Since A; and Sy, have no common eigenvalue, the follow-
ing Sylvester equation has a unique solution IT;,

I1,S, = AL 4 Dy, (16)

and, since matrix pair (G;1,Gj2) incorporates a p-copy
internal model of matrix S, the solution II; further sat-
isfies

which implies that e; — 0 under controller (10) if no
coupling between nodes, i.e., v; = 0. In the presence of
coupling, making e; — 0 is a decentralized servomecha-
nism problem [30], because 7; is independent of &; and
;. For this goal, the following result is given,

Theorem 2 Given a multi-agent system consisting of
(1)~(4) with assumption A1) and exosystem (8), if as-
sumptions A2), A3) and A5) hold, then e; will exponen-
tially converge to zero for alli = 1,--- | N, under con-
troller (10).

Node 1

v,
Wl Her, Y V. A 4 L owen, |

Node N

Fig. 2. A block diagram representation for the interconnec-
tion of multi-agent systems (1)~(4) with controller (18).

The above theorem implies that when the exosystem 7;,
whose output the node i will track, have the same dy-
namic model for all the nodes, then the decentralized
internal model controller can realize the output track-
ing for the networks coupled by dynamic edges if some
passivity properties are satisfied.

Now we consider the output synchronization problem. If
these n; are synchronous to each other, then y; —y; — 0
can be further obtained by controller (10). But in gen-
eral, n; # n; due to different initial conditions ' . Mean-
while, the synchronization errors, either y; —y; or n; —n;,
are not directly available for synchronization seeking of
7;. Here neighboring input v; is the only available infor-
mation that indirectly reflects the synchronization error.
Our idea is to adjust the exosystem dynamics (8) by us-
ing v; in order to synchronize n;. With this alteration,
the following dynamic controller is presented,

1, = Spn; + eBpv;

G = GG + Goi(yi — Qumi) > (18)
u; = Kopiwy + KeiG

where B, € R?*? is the input matrix of the exosystem,
€ is a positive scalar expressing the strength of adjusting
the dynamics of output reference, and (Gj1, Giz), Ky
and K¢, are the same as those in (10). The block diagram
of the resulting closed-loop system is shown in Fig. 2.

Theorem 3 Given a multi-agent system consisting of
(1)~(4) with assumption A1). If Assumptions A2)~A5)
hold and B, is designed such that (S,, By, Q) is passive,
namely, B, = Pn’ng, then there is a scalar € > 0
such that for all 0 < € < €*, controller (18) will solve
the output synchronization problem. And moreover, the

steady output trajectory is given by

N
1 ,
yi(t) — Q,,es"tﬁ > mi(0), i=1,2,---,N. (19)
i=1

! In real, the same initial state can not be achieved because

of among others the different staring time between nodes.



As shown in Fig. 2, the signal channel from reference
output y,; to s; is not direct, but goes indirectly through
output y; of dynamic system ;. Critically, it is no longer
passive from y,; to y; due to C’Zﬁm = 0. This in turn
results in the adjusting strength of an upper bound €*
since the closed-loop system is not a feedback intercon-
nection of two passive systems.

4 Output Cooperation

This section addresses the output cooperation problem
making the influences between nodes, the neighboring
inputs v;, track some predefined trajectories v;. Similar
with the output synchronization problem, the trick is to
adjust output reference n; according to tracking error
Vi — V.

Suppose that the node output is just its reference, y; =
yn, a perfect tracking, then the output reference system
(8) can be regarded as a dynamic controller for the edge
dynamic systems in the sense that y,, is the control in-
put to regulate v; — ¥, replacing y; with y,,. In this
consideration, the dynamics of n; should be altered to
incorporate a p-copy model of S,,. In summary the con-
troller is given by,

i = G + €Gp(v; — Quvy)
G = GG + G2 (yi — Gomi) s (20)
u; = Kpjwy + KeiG

where 7j; € RPY. Controllable matrix pair (Gs,Gp) in-
corporates a p-copy model of S,,. A possible choice for
Gs,Gp and Gg is

Gs=1I1,28,,
B},~ 0 Q717.. 0
Gp=|: . |, Gog=|: " (21)
0o --- Bﬁ'} 0 --- Q%

where Bf7 denotes the ¢th column of B, and Q% the ith
row of ),,. It can be verified that

(I, ® P,))Gs + G§(I, ® P)) <0, (I, ® P,))Gp = G§,.
(22)

Remark 3 WithQ,v; = 0, controller (20) reduces to an
output synchronization controller, especially the same as
(18) when p = 1. In this consideration, the output syn-
chronization problem is a special one of the output coop-
eration problem. Noting that an edge can be regarded as a
filter of the output error between nodes that the edge con-
nects, the requlation of neighboring inputs is regulating
the weighted sum of the filtered output synchronization
errors.

The analysis developed below consists of three parts, the
separate node dynamics, the separate edge dynamics,
and the whole coupled dynamics.

Firstly, we turn back to node dynamics (15) with v; and
71; being replaced by v; and 7;, respectively,

@i = Aiii + Dy + DiQuvs, (23)

where ﬁﬁi = . The dynamics of Z; in sys-

—GiGg

tem (23) is driven by 7; and v;. Since A; is Hurwitz
and ), has no stable eigenvalues, there is a unique so-

lutlon ]jl = [ﬁliaﬁQ’L} With l:Ili E R(ni+ci)qu7l:I2i E
R(mitei)xXa gatisfying

_[as 0 .
i [ 0 s |” AL+ [Dm» DzQU} , (24)
and
AZ‘].:.[U - GQ, Olﬂzz - 0 (25)

Secondly, we consider the edge dynamics (2) with a per-
fect output tracking of the node system; replacing y; by
Gofji, together with the first equation in (20) and refer-
ence system (5), obtains the following dynamic systems

N
2; = E;jz; + F Z hijGomi,
i=1
' M . (26)
7, = Gg7; + eGp(— th‘jGij — Qui),
j=1
I)i = Snl/z'a

where j = 1,2,--- , M for the first equation and i =
1,2,---, N for the last two equations.

Introduce a coordinates transformation 7; = (T; @ Ipq)17,
I;i = (E ®IPQ)V7 1= ]-, aN - 13 ﬁN = Zﬁlﬁlv

and ﬁN = Zi\;l Vi, where 77] = [ﬁ{v 777%]717 v =
[, .-, vL]T, and T; is the ith row of T, defined after
assumption A4). Define

z1 Uil 21

. < -
z = 5 ’[7 = 5 Z = ~] 5 UV =
_ n _
ZM IN-1 UN-1



With them, the system (26) can be transformed into

Z=AZ+ B,
iin = Ggiln — €GpQyuin,

l;/ = (IN—I ® S”I)D (27&)
N = S, DN (27b)

where

b

A — EM HTF(IN_l ® GQ)
' —e(In_1 ®Gp)HG  In_1®Gs

B, =

0
—e(In-1® GBQv)] ’

with EM being defined in (B.2), HTF and HG defined
in (B.10). Here the fact that |:l,]’;":| [TT 1/N] = Iy isused.

Theorem 4 Given system (26) with assumptions
A1)~A4) and with € > 0, then there is a matriz

In= [l:[zT,fIz;]T satisfying
O(Ix-1®S,) = AI+B,, —HGIL = Iy-19Q, (28)

such that z — I, n— fI,]ﬂ and

Ui — vai — QUVO(t)a (29)

where vy(t) is the solution of the following dynamic sys-
tem,

N

. 1

Vo = Sn’/07 1/0(0) = 7N E 1/1(0)
i=1

It can be seen that system (26) contains two separated
parts, (27a) and (27b). The former can realize output
tracking with the internal model principle by itself but
cannot achieve the neighboring input tracking in general
even if each node has a perfect tracking performance that
y; = Gofj. For system (27b) a nonzero vn (Vn = Niy)
will leads to an unbounded 77, which means that at
least some 7); are unbounded as well. This causes that y;
will converge to infinity although the edge dynamics has
bounded states and bounded inputs (weighted sums of

To avoid these problems, the following zero sum condi-
tion is made,

A6) The trajectories of neighboring input reference sys-
tems are in the manifold Zil v; =0.

Remark 4 Under the zero sum condition, all the neigh-
boring input v; will asymptotically track their reference
Qyv;, since vp(0) = 0.

At last, we are ready to present our main result for out-
put cooperation,

Theorem 5 Given a multi-agent system consisting of
(1)~(4). If Assumptions A1)~AG) hold, then there is a
scalar € > 0 such that for all 0 < € < €*, controller
(20) with (21) and (22) will solve the output cooperation
problem. And moreover, the sum of node output ys =

Zili1 y; satisfies

N
ys(t) = Ge' Y "1 (0). (30)

i=1

It can be seen that the different initial conditions of out-
put reference systems cause different steady outputs y;,
although the steady neighboring inputs v; are the same
for any initial condition. This in turn means that for
a given output cooperation target v;, there are infinite
feasible solutions for node outputs.

5 Master-slave output cooperation

In order for a well-posed output cooperation problem,
the zero sum condition of assumption A6) is required.
Even a small violation of this condition will cause some
reference outputs to diverge to infinity. To solve this
problem, one possible way is to keep some nodes free,
running without the requirements on their neighboring
inputs. Such nodes are called master nodes, in the sense
that they do not receive any command so that their out-
put reference is not changed. The controller for a master
node is given by (10). The remaining nodes are called
slave nodes whose controller is designed as (20). The
output reference of slave node is changed to fit in with
command v;.

Without loss of generality, we assume that the first [
nodes are slave nodes and the remaining N — [ nodes are
master nodes, and present the following result,

Theorem 6 Given a multi-agent system consisting of
(1)~(4). If the nodes have controllers described by

i = Gs7i + €G(vi — Quv;)
C.i:GliCiJrGQi(yi*GQﬁi) ) =11
u; = Koy + Kei(

(31a)

i = GG + Gaiyi — Qumi
{c WGt Gy = Qun)

u; = Ky + K
(31D)



Vl V2
U o— =N < o u,

Fig. 3. A wire connecting two voltage sources.

where 0 <1 < N — 1, and both v; and n; are the state of
exosystems satisfying

{ ﬂi = SnVi7
77] = onMj,

i=1,2,- .1
j=l—|—1,---,N' (32)
If assumptions A1)~A5) are satisfied, then there is a
positive scalar €* such that for all 0 < € < €,

vy — Quvi, Yj — anj (33)

foralli=1,--- landj=1+1,--- N.

It can be seen that the master node plays an output
tracking role to make its output y; track a given reference
Qyns; while the slave node plays an output cooperation
role to make its neighboring input track given reference
Q.. Theorem 6 implies that if the two kinds of nodes
simultaneously exist in the network, they can definitely
realize their targets without the so-called zero sum con-
dition. Recalling Theorem 2, the number of slave nodes
can reach [ = 0. The above master-slave configuration
is illustrated by the control of microgrids working in the
islanded mode [46]. One inverter, as a master generator,
works in the voltage control mode to provide the funda-
mental voltage and other inverters, as slave generators,
work in the current control mode to inject the desired
powers into the microgrids.

Here the feasibility of multiple master nodes can be ex-
plained by the example in Fig. 3. Two nodes can have
arbitrary output voltages u; and uo but the output cur-
rents (neighboring inputs) v; and vy must satisfy the
zero sum condition v; + v9 = 0. Therefore the case that
all the nodes are master nodes, i.e., [ = 0, is feasible but
the case that all the nodes are slave nodes, i.e., [ = N,
is not allowed.

6 Example on electrical network

A simple electrical network consisting of two sources,
two loads and one transmission line is selected as an
application example to illustrate the analytic results. We
consider the sources with their current being the control
input. Fig. 4 shows the electrical network. Node 1 and 2
are sources, and node 3 is the ground. A transmission line
connects the outputs of two sources, which means that
both sources jointly provide currents for loads connected
to node 1 and 2. In the model, every edge contains a
non-ideal inductor, i.e., modeled by a resistance and an
inductance.

Fig. 4. The electrical network of three nodes

The incidence matrix is

1 1 0
H=|-10 1]. (34)
0 —1-1

For the edges, the following dynamic functions can be
established,

Ligitz = —Rizita +y1 — vo, (35a)
Li3i13 = —Ri3i13 +y1 — ¥3, (35b)
La3zizz = —Ra3i23 + Y2 — ¥3. (35¢)

And for the sources,

Y1 = uri, (368,)
Y2 = Ufg. (36b)

Critp1 = up — v1,
Cratiya = uy — va,

Suppose the desired output is a 50hz sinewave, that
is, Sy, = [3 ’Ow], with w = 1007w. Here we consider
a master-slave output cooperation problem as follows.
Node 3 is the ground that can not be controlled. So it
can be taken as a master node with a perfect voltage

tracking performance, satisfying y3 = 13 with

n3 = Synz,  13(0) = 0. (37)
Both node 1 and node 2 are slave nodes, being re-
quired to make their neighboring inputs (output cur-
rents) track desired currents, o7 = 10sin(wt + 7/6) and
Uy = 10 cos(wt), respectively. The desired currents are
produced by the following dynamic systems,

17i = vaiv Wlth Q'U = [17 0]7 (38)

v, = S’r]’/iy

where the initial conditions are

5 10
O L O

Such a configuration of output cooperation corresponds
to the scenario where two sources work in the current
control mode.



Take zZ1 = i127 Z9 = i13, z3 = i23 and T; = Ufq, 1= 172.
Notice that

v = i12 + 13,

Vg = —l12 + l23. (40)
The electrical network is just a multi-agent system con-
sisting of (1)~(4), with assumption A1) and A4) being
satisfied. The physical parameters of the network are
listed in Table 1. Assumption A2) can be also verified
with P, = I.

Table 1
Parameters _of the electrical network
Ri2 L2 Ris L3
0.05Q2 | 0.0lmH 90 1mH
Ros Los Ci1 Cro
80 5mH 50uF | 30pF

According to Theorem 6, the following controllers are
designed for two source nodes,

ni = Gsi; + eGp(v; — ;)

(i = GG + Goyi(yi — Goii) »
u; = Koiwi + KeiG

i=1,2, (41

where
Gs =5, Go=|01], Gp=PG}

1
Gll = Snv G21 = |£J| ) le = _la

0 1 0
K¢ = [-500, —500], G12 = , Goy = ,
—w? 0 1
K0 =—-2, K¢ =10, —500].

It can be verified that assumption A5) is satisfied for
both source nodes under the controller gains defined
above. All the conditions in Theorem 6 are satisfied,
therefore, there is € for the above controller to make the
electrical network realize the output cooperation.

Simulation results with € = 20 made in the Matlab en-
vironment are shown in Fig. 5. The electrical network is
built by making use of the SimPowerSystems Toolbox.
After the transition time, each generator adjusts its out-
put to make the neighboring input of itself converge to
the desired one. As shown in the middle figure of Fig. 5,
the tracking error is in the order of 10~2 and is still de-
creasing. A less € leads to a longer transition phase, but
the error will always ultimately decay to zero.
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Tracking errors of neighboring inputs
T T T

| | | | | | I
0 1 2 3 Tinfbisec] 5 6 7 8

10° Tracking errors of nei
T T

ing inputs
T

_ | | | |
95 755 76 7.65 77 7.75
Time[sec]

ing inputs

I I I L I I I
8 7.82 7.84 7.86 7.88 79 7.92 7.94 7.96 7.98 8
Time[sec]

Fig. 5. The trajectories of the neighboring inputs of both
nodes and their tracking errors; the top: the trajectories of
tracking errors; the middle: an enlargement of the top; the
bottom: an enlargement of the trajectories of the neighboring
inputs.

7 Conclusion

A new class of multi-agent network systems was pre-
sented, where the nodes are not directly coupled but
indirectly coupled by dynamic systems, called dynamic
edges. The node dynamics can be directly controlled
and are influenced by the neighboring input which is a
weighted sum of the edge outputs; while the edge dy-
namics can not be directly controlled due to its input
being the node outputs. Distributed controllers designed
by a combination of feedback passivity theories and the
internal model principle were presented for output syn-
chronization, output cooperation and master-slave out-
put cooperation, respectively. A simulation example of
cooperative current control of an electrical network il-
lustrates the efficacy of the analytic results.

The developments were based on the exact matrices,
but they can be extended to the uncertain case in that
the tools of both passification and internal model prin-
ciple are good at coping with the uncertain systems. Al-
though the network is heterogeneous, the controller re-
quires some common parameters, e.g., B,, Cy, and €. How
to relax such a common requirement and how to get the
upper bound of € are the goals of our future researches.

A A preliminary lemma

Wi Wa + Ws
Ws Wy

there are symmetric positive definite matrices P, and

If

Lemma 2 Given a matric W = l




Q. such that

P,W, + WP, <0, (A.1a)
QuWa + W[ Qu <0, (A.1b)
P,Wy = -WEQ,, (A.lc)

and Wy is Hurwitz, then there is a constant € such that
for all |W5|| < € there is a block diagonal symmetric pos-
itive definite matriz P = diag(Py, Q) for some P, > 0
satisfying - -
PW+WTP <. (A.2)

Proof: The proof is constructive. Since Wy is Hurwitz,
there is a symmetric positive definite matrix P, satisfy-
ing the following Lyapunov equation,

PW, +WlP. = I (A.3)
By (A.1b), there is positive scalar €; such that Q,,Wa +
WEQ., < —e;. Take P, = P, + €P, to obtain

PW+WTP =
—&l + wal + WiTF)w *
(PuWs 4+ €P,(Wo + Wi5))T QuWa+ W Q,

—el

A4)
(PwW5 + gPT(WQ + Ws))T —er 1 (

where * denotes the symmetric part. By Finsler lemma
[47], it can be verified that the above matrix is symmetric
negative definite, if

—er I+ & Y|P, W5 + P, (W + W5)||? < 0,
which can be further enlarged by
afés + QawaT€2 + aié —€ <0,

(A.5)

where a, = | Py|| and ay, = || Pyl + || P-Wa2||. Selecting
€ < min{1, (ajizy} makes (A.5) true to complete the
proof.

Actually, if a, and a,, are such that (1 — a,) /€1 > auw,
then all € < /ey satisfies (A.5). This means that € is not
always restricted to be a small value since if €; is a large
value, then € can be as well a high value.

B Proof of Theorems
B.1  Proof of Theorem 1

Proof: As shown in [45], the hyper minimum phase con-
dition implies that there is a SPD matrix P, and a matrix
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and C; P; = DI = BT'. Meanwhile, the incorporation of
p-copy internal model of S, and assumption A2) imply
that there is a SPD matrix P, such that Gy, P,+ P,GT, <
0. Design K¢; by K¢; = —G%;Pg_l. Let P = diag(Ps, P,).
It can be verified that

AP+ PAT <0, C;P=D;, (B.1)
which means that system (/L, ﬁi, C’Z) is passive. Let Go;
be such that not only (Gy;, G;) is controllable but also
(Gi1,G3;P; 1Y) is observable, which together with (B.1)

implies that A is Hurwitz.
B.2  Proof of Theorem 2

Proof: The closed-loop system has the following com-
pact form

X =AX +Dyn, 1= (In % Sﬂ)nv (B.2)
where X = [21, -+ 2%, 2T, 20T n=mf nd, -,
T
nN] 9
. A o0
N AN —-HDG|
- 7'AN: b
HTFC EM A
0 - AN
h11b1G1 thblG]\l
hx1DnGy -+ hyuDnGar
iR C hniFiCn
HTFC = : : : ;
hin FaCy -+ hv FaCy
E; - 0 ﬁnl e 0
EM = ,f)n - |
0 - Ey 0 - Dyn

According to Lemma 1, in order for e; — 0, it suffices to
show A is Hurwitz.

With assumption A3), there exists a positive definite
matrix @); such that
Q;E;+EfQ; <0, Q;F;=G], j=12-- M,

(B.3)
and with assumption A5), there exists a positive definite
matrix P; such that

(B.4)



Define P = diag(ﬁl,-n ,PN) and Q = diag(Qy, -,
Q). It can be seen that PHDG = (QHT FC)T. There-

fore by Lemma 2, A is Hurwitz, and subsequently all z;,
x; are bounded for bounded external inputs 7;. More-
over, e; — 0 foralli=1,2,--- | N by Lemma 1 due to
the incorporation of a p-copy internal model in controller
(10).

B.3  Proof of Theorem 3

Proof: The closed-loop system with controller (18) has
the form of

M
;= A — D; Y hijw; + Dymg, i=1,--+ N,
j=1
N
2]' :Ejzj+Fthijyia ]:17 7M7
=1
’f] = (IN ® Sn)n - €(H ® Bn)w
(B.5)

Consider error vectors e;; = &; — IL;n;. From (16), it
follows that

M M
Cpi = Aiem — Dz Z hijw]‘ + EHiB,7 Z hij’LUj, (BG)

j=1 j=1

for all i = 1,--- , N. Noticing (17), the dynamics of z;
can be written by

N N
4 =Bz + F Y hijCiewi + Fy Y hijQumi,  (B.T)

i=1 =1

forall j = 1,---, M. Recall matrix T € RW-DXN gat-
isfying 71 = 0 and TTT = In_1, which has been given
after assumption A4), and introduce a coordinate trans-
formation by %, = (I; ® Iy)n, ¢ = 1,--- ,N — 1, and
N = Zfil 1;, where T; denotes the ith row of T. The
third formula in (B.5) can be transformed into

M
ﬁi: i — €Dy, Eijwj,izl’...,]\[,1
j; (B.8)
ﬁN = Syiin

where ﬁij is the ith row and jth column element of ma-
trix H. Accordingly, equation (B.7) can be rewritten by

N—-1
iy = Ezj + F Zh”C eai+ Fj Y hijQuiii. (B.9)
=1 =1

Since 7 freely runs, it suffices to consider the dynamics
of ez, zj and 7, with¢=1,--- N, j=1,--- ,M and
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k=1,---,N—1,respectively. Define a stacked vector by
X = [63;17 o 7€£N7 Z{v o 521,1\;[’77],{'7 e 7ﬁ],1\—/"71]Ta whose
dynamics is governed by
X =AX (B.10)
where
AN  —HDG + €lIB 0
A= |HTFC EM HTF(In_1® Q)
0 —e(Iy.1®B)HG Iy_,®S5,
hi By B(N71)1F1
HTF = : ,
hasviFar - hv—1ymFu
illlGl BlMGAI
Ta - 7
hn—1)1G1 ~+ hn—1ymGum
h11111 B, Gy hia 1l By G
1B =
hyiIyB,G1 -+ hyulnB,Gu

With (B.3) and (B.4) and using Lemma 2, there is upper
bound € such that for all 0 < € < €, such that

AN —HDG + elIB
HTFC EM
N __ T
AN —HDG + €lIB
__ P<—el (B.11)
HTFC EM
for some positive scalar €1, where P = diag(ﬁl, .o+, Py,

Q1,- -+, Q) is ablock diagonal symmetric positive ma-
trix with Q; F; = GiT, foralle=1,--- , M.

Consider the Lyapunov functlon V= Z

Zj 1 ]QJZ]+E 121 1 77 Py
along system (B.10) yields

=1 mP Czi +
Its time derivative

. N M
\%4 S —€1 E efiem- — €1 E Z;TZZ
i=1 j=1

N-1
+et Z i (PySy + S;Pn)ﬁi <0, (B.12)
i=1

by which, the invariant set of D = {X : V = 0} is a
subset of {X : e;; = 0,2; = 0,4, j}. According to the



Lasalle’s theorem, as t — 0o, X (t) € D, s0 e,; — 0 and
z; — 0 for all 7, j. The latter means that s; — 0 due to
F} of full column rank, which in a compact form is
(H' ®I,)Y =0 (B.13)
where Y = [y],yL -+ y%]T. With assumption A4),

the null space of H” has dimension 1 and is spanned by
vector 1, therefore,

Yi = Yk, Vi, k, (B.14)
which, together with e,; — 0, means that
Quni — Qune — 0, Vi, k. (B.15)

Notice that the sum of all n;s, namely 7y, has the fol-
lowing dynamics

N
iy = Syiin,  with  7in(0) = n;(0) (B.16)
i=1
Combining (B.15) and (B.16) yields
1 -
Yi = Quni — NQN?N, (B.17)

which is just (19).
B.4  Proof of Theorem 4

Proof: According to Lemma 1, it is enough to show the

internal stability of system (27a) in which state vari-

able Z is driven by exosystem 7. Consider the Lyapunov
. _1—N-1 ~

function V; = ZJ 125 Qiz e Yl (I, @ Py,

whose time derivative along (27a) with v = 0 is given by

(B.18)

By Lasalle’s lemma, z; — 0, which together with F}; be-
ing of full column rank, means that H (Iy_1 ® Gg)7j —
0. Furthermore, because of H” being of full column rank,
Gon; — 0. Noting that matrix pair (Gg, Gg) is observ-
able, one has 7; — 0. This means the system (27a) is
internal stable. Notice matrix pair (Gg, Gpg) is a p-copy
model of 5, hence according to Lemma 1

—Quir; — 0, (B.19)

M
— Z BUG z
j=1

which means that (28) holds.
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Notice that (B.19) is equivalent to (T® I)(v—Q,v) — 0
with @, = (In ® Q). Therefore
v-Qu =131 (B.20)

for some vy € RP. By the fact (17
that

® I,)v = 0, it follows

N
—Qu > _vi=—Quin — Ny, (B.21)
i=1

that is, vy — —%QUDN, by which (29) is obtained.
B.5 Proof of Theorem 5

Proof: With controller (20), the closed-loop system has
the form of

M
(,;Ei = Alfl — bizhijGij +Dﬁi"7i7 i=1,2,---,N,

j=1

N
Z.'j:Eij-FFthijyi, j:1,27"',M,

7 lM
n; = Ggi; — eGp Z hijGjzj — eGpQu;,

j=1 i=1,2,---,N.
l./i:SnVia 221,2,,N

(B.22)

With the same notations as those in (26) and (27), the
last three equations in (B.22) can be transformed into,

z ZEMZ+HTF(IN71 ®GQ)77

Fi YN ha(y: — Gom)
+ , (B.23a)

FM Ez 1 zM( GQ"]Z)
= (In-1®Gs)il
—e(In_1 © GR)(HGz + (In_1 ® Q,)D),
(B.23b)

iin = Gsily, Ty =0, (B.23c)
where the last equation is from assumption A6). Con-
sider error vectors é,; = &; — ;7 — oy, where Iy
and IIp; are the solution of (24) and (25). Its dynamics

has the form of,

M
> hiiGiz+ Quyi

Jj=1

€xi = Aiéazi - Dz

M
+ ell1,Gp Z hijGjiz; + Quvi | . (B.24)
j=1



Define

h11G1 hiv G
HG = )
hni1Gy -+ hnmGup
h111111G Gy hivIl11GBG M
II,Gg = . :
hnillinGpG1 -+ hnmILinGBG M
Consider errors &, = [e1}, -+ ,&ély]T, &, = z — [, and

&, = f— 0,7, where II, and II,, are the solution of (28).
Noting that y; — Gofj; = C;éy; due to (25) and

T®l,

ol (HGIL.D + (In ® Qu)v)
= P

_ Fﬂzﬂ+(IN—1 ®Qv)ﬁ] =0, (B.25)
QuUN

their dynamics is governed by

¢, = ANé, — HDGEé, + €I, Ggé,
é.=FEMe, + H'FCe, + HTF(In_1 @ Gq)é, -
én=—c(In_1 ® Gp)HGE, + (In_1 ® G,)é,
(B.26)
Making use of Lemma 2, it can be verified that the above

system is Hurwitz along with the line of the proof of
Theorem 3. From (B.25), it follows that

HGILD = —(Ix ® Qu)v, (B.27)

which, together with €, — 0, implies that v; — Q,v; for
all 7, and thus the output cooperation is realized.

On the other hand, from 7y = Zfil 7; and €,; — 0, it
follows that (30) holds.

B.6  Proof of Theorem 6

Proof: Firstly, we consider the edge dynamics by re-
placing y; by Gg#n; for i« = 1,---,1 and by Q,mn; for
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i=1+1,---N.

l
Z’j = Eij + Fj Z h”GQﬁZ
=1

N
+F] Z hk]‘QnT}k, jzlv"'aMa
k=l+1

M
i = GsTjy + eGp(— Z hi;Gjzj — Quvi),
Jj=1

i=1,--,1
i=1,- 1,

k=1+1,---,N.

l./i = Snyia
Mk = SNk,

(B.28)
I
Notice that H™ [Ol] is of full column rank, hence by the

similar way in the above theorems it can be derived that
the system consisting of z;, 7 = 1,--- , M and 7, i =
1,---,1, is internal stable. Therefore, there are unique
matrices I17;, I, TI¥; and IT}; satisfying the following
matrix equation

l
2L ®S,) = E;IIY, + Fj Z hijGollZ

N
i=1

j=1,---,M, (B.29)

l
I (In1 ® Sy) = EjILL + F; ) hi;Golly,

i=1

N
+F Y higQuEN @ 1), j=1,--- M, (B.30)
k=l+1

H?ﬂ'(IN—l (24 Sﬂ) = Gsﬂgﬂ,

IY,(L ® S,) = GsII

)
i=1,---,1, (B.31)

M ' M
=D hGGI =6 ®Qu, Y hy Gyl =0,
Jj=1 j=1
7 = 17... ’l7 (B32)
such that

5 =T +T00, j=1,-- M,
o T e (B.33)
n — G0 + 11550, 1=1,-- 1,

where 7 = [v],--- ,VIT]T, n = [7711;4_17"' ,n%}T, I is a
unit matrix with order [/, and henceforth notation &



denotes the n-order row vectors with all elements be-
ing 0 but the mth element being 1, for example, § =
[O? ala"' 70] ERI'

Secondly, consider the node dynamics. The closed-loop
node dynamic system has the form of

G :Ai: Dz 7 f)ﬁqzﬁiv Zzla' 717
':A + Djv; ﬁmm, t=I0+1,---,N.
(B.34)
Replacing v; by — Z i G (I 0 +114), for all i =
1,---, N, yields
@i = A + DiMip + Dyitgy,  i=1,-- 1
2; = A + DM + DNy + Dy (€71, @ 1),
i=1+1,--- N,
(B.35)
M M
where MZ = — Z hZJG]HZj and Nz = — Z hijGjHZjv
Jj=1 j=1
= , N (Please note N; =0 fori=1,---,1). Since

Ai is Hurw1tz there are unique matrices H”-/ and 7 Fir
= -, 1, satisfying

L ® Sy) = ALY + DM,

},G, = AT}, + Dy, (B.36)
CiII4, =0, C’ini =Gg,
for the first [ slave nodes, and there are unique matrices
I}, and I}, i =1+ 1,--- , N, satisfying

I},(IL ® Sy) = ALY + Dy M;,
) (Ino1 ® Sy) = AL + DiN; + €57, @ Dy,
Gl =0, CI =&y, ©Q,

(B.37)
for the remainder N — [ master nodes. The last equation
of (B.36) and (B.37) comes from the incorporation of a
p-copy internal model in (31a) and (31b), respectively.

Finally, we are ready to consider the whole closed-loop
system under controller (31), which has the form of

&i = Ai#i + Dy + D, i=1,-- 1,

ni = Gsi +eGp(vi — Quui), 1 =1, 1,

i = AiZi + Dyvi + Dy, i=0l+1,---,N,
4 =Bz + F; Y0 hijys, j=1,--+, M,

b= (I, ® Sy, o=, ],
n=(In-1® S, A=t k)"

15

Consider the following error vectors,

b — 40—, i=1,---,1
SO s L L (B.38)
& —Iro—10lq, i=1+1,--- N
ézj = Zj *HV,A fnzjﬁ, ] = 17 7]\/[7 (ng)
épi = 0 — W0 = 1007, i=1,--- L (B.40)

Their dynamics are governed by

bpi = Ajeni — D; ZhwG €5 + €HszB ZhUG €5,

J=1
i=1,---,1, (B4l
M
bai = Ajeai — D; Y hijGjé;,
=1
i=1+1,---,N,
(B.42)

N l
ézj = Ejézj + Fj Z hij@em- + Fj Z hijGQéﬁi,

=1 =1
M
éﬁi = Gsé;ﬂ — GGB Z hijGjézj,
j=1
i=1,---,1, (B.44)

which can be further written in the following compact
form

€x
é.| =
AN —HDG +e¢ 0 éx
HTFC EM HIFLoGo)| | 7|
- (&
0 —e(I; ® Gp)HLG I, ® G, !
(B.45)
where €, = [Aglv' T AzN]Tv e, = AZl? ) AZM]Tv éﬂ -
Ly, enT,
hi I}, GpGy - hayIT) GG
B = : : :
ha},GpGy -+ hi 1), GGy



h11G1 -+ hinGum
HLG = )

hinG1 hine G m

hi By hiave Fy
HTF =

hiseFar -+ b Fig

Using the technique similar to that used for the proof of
Theorem 3 and using Lemma 2, it can be derived that
there is a positive scalar €* such that for all 0 < € < €*
the above system is exponentially stable, that is, all error
vectors €44, €, and éy; will converge to zero. According
to (B.32) and (B.37), it follows that v; — Q,v; for the
slave nodes and y; — @n; for the master nodes.
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