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Abstract: This work provides a multi-agent extension of output-feedback model reference
adaptive control (MRAC), designed to synchronize a network of heterogeneous uncertain agents.
The implementation of this scheme is based on multi-agent matching conditions. The practical advantage
of the proposed MRAC is the possibility of handling the case of the unknown dynamics of the agents only
by using the output and the control input of its neighbors. In addition, it is reasonable to consider the case
when the communication topology is time-varying. In this work, the time-varying communication leads
to a switching control structure that depends on the number of the predecessor of the agents. By using
the switching control structure to handle the time-varying topologies, we show that synchronization can
be achieved. The multi-agent adaptive switching controller is first analyzed, and numerical simulations
based on formation control of simplifier quadcopter dynamics are provided.

Keywords: heterogeneous multi-agent systems; output-feedback model reference adaptive control;
switching topologies

1. Introduction

Research on synchronization of multi-agent systems (MASs) is inspired by certain collective
animal behaviors, such as fish schooling, bird flocking, and bug swarming. The mechanism behind
these behaviors can be found in crucial technological areas such as spacecraft formation flying [1],
cooperative adaptive cruise control (CACC) [2], autonomous warehouse vehicles [3], smart power
grids [4], robotics swarms [5], and smart buildings [6].

Prior to an explanation of the theory of synchronization of MASs, it is useful to give
a definition of “agent”. The term “agent” appears in multiple disciplines in engineering and science;
therefore, the term has been continuously revised. According to [7], an agent consists of four basic
elements: the sensor, the actuator, the information element, and the reasoning element. According
to [8], agents can be divided into three main categories: human agents, hardware agents, and software
agents. Depending on the task, the software agent can be broken down into information agents,
cooperation agents, and transaction agents. Information plays a crucial role in MASs: In centralized
schemes, agents have access to global information, while in distributed schemes only access to the
information from a few neighbors is possible [9,10].

In general, the study of synchronization has the objective of finding the coupling gains and/or
the network topology that guarantee that the synchronization state error or the synchronization output
error converges asymptotically to zero. Initial research on synchronization has been focusing on
networks of identical agents, e.g., [11]. However, it is well known that agents can have heterogeneous
dynamics, which makes synchronization more challenging [12]. Fixed coupling gains among the
identical and non-identical agents that stabilize the synchronization error and guarantee the desired
performance were proposed in [13]. Due to large uncertainties in network systems and unknown
parameters, many distributed adaptive approaches have been developed to synchronize the agents.
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The distributed adaptive synchronization of the unknown heterogeneous agents and bounded
misjudgment error was discussed extensively in [14]. In that work, synchronization was reached
by using an extended form of state feedback model reference adaptive control (MRAC). Another
approach based on the passification method was adopted to synchronize unknown heterogeneous
MASs in [15]. Hybrid dynamics in networks may arise from networked-induced constraints [16] or
from switching topologies.

In practice, the topology is not fixed and tends to change each time. An appropriate network
structure or topology to achieve synchronous behavior was discussed in [17]. By using the proposed
control laws, the topology changes lead to a different controller structure. In order to prove the stability
of the switched system, one can rely on multiple Lyapunov functions and the dwell time switching
law [18]. Novel model reference adaptive laws for uncertain switched linear systems to guarantee
asymptotic and bounded stability were discussed in [19,20]. An open question pertains to how output
synchronization can be achieved for heterogeneous agents with unknown dynamics in the presence of
possibly switching topologies, and this question motivates this work.

The main contribution here is an extended adaptive synchronization law based on output- feedback
MRAC for heterogeneous agents with unknown linear dynamics. It is to be noticed that our controller
does not need any global information of the network. A Lyapunov-based approach is derived
analytically to show that error converges asymptotically to zero. To address switching topologies, a novel
switching adaptive controller is proposed in case some neighbor’s measurements cannot be accessed.
Finally, numerical simulations are performed on a representative test case inspired by formation control
of quadrotors.

The article is organized as follows: Section 2 introduces multi-agent output-feedback
synchronization based on the MRAC approach. Section 3 includes switching communication
topologies that handle the communication loss between agents. Section 4 presents the simulation
to validate theoretical findings. Finally, Section 5 provides conclusions and proposes directions for
further research.

Notation: The directed graph G is a pair (.4, &), where A" = {ny,ny,...,n,} is a set of nodes and
& C N x A is aset of edges. The edge’s weight is defined as ay,;n;, where n; # n;. The R represents
the set of real numbers. The matrices are denoted by capital letters, e.g., P, and the notation P = PT > 0
indicates a symmetric positive definite matrix. The identity matrix of compatible dimensions is
denoted by I, and diag {...} represents a block-diagonal matrix. The function sgn(e) takes the sign
. The vectors are denoted by small letters, e.g., x. A vector signal x € R" belongs to the .% class;
if fot ||x(7)||?dT < o0, Vt > 0. A vector signal x € R" belongs to .%x class; if max ||x(t)|| < oo, Vt > 0.

2. Output-Feedback MRAC

The main task in this section is to find the control laws u;(t) for each agent that guarantee
synchronization of MASs with unknown linear dynamics by only using the input and the output of
the neighbors. In order to facilitate the main result, let us assume that there are three agents denoted
with subscripts 0, 1, and 2. Let us consider the network depicted in Figure 1. Here, the purpose of
Agent 1, the leader, is to follow Agent 0. At the same time, the purpose of Agent 2 is to follow Agent 1.
Agent 0 is a reference model that is connected to Agent 1, satisfying the following dynamics:

Yo = Go(S) = ko

Zo(s) . 1)
0

Ro(s)

where r € R and yp € R are the reference input and the output of the reference model. Zy(s) and
Ry (s) are known monic polynomials, and kj is the high-frequency gain. Next, we have Agents 1 and 2,
denoted with subscripts 1 and 2, respectively, and with dynamics expressed in the transfer function
form as
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iigzg uq yz = Gz(s) = kz

y1=Gi(s) =k Uz @)
where uq,u; € R, and y1,y2 € R are the inputs and the outputs of two agents. Z;(s), Za(s), R1(s),
andR;(s) are unknown monic polynomials, and k1 and k; are constants referred to the high frequency
gains. Note that, possibly, Z;(s) # Zx(s) and Rq(s) # Ra(s) (heterogeneous agents with unknown
dynamics). We assume a directed connection from Agent 1 to Agent 2, i.e., the digraph is described by
A ={1,2}, & = {(1,2)}. By using this configuration, Agent 2 can observe the measurement from
Agent 1, but not vice versa.

Reference Leader Follower
Model (connected to reference model) {not connecied to reference model)

L0 e : )
Figure 1. A sample leader—follower communication graph with one follower.

The synchronization task between Agent 0 and Agent 1 is achieved when y; — o for t — co.
As the signal from the reference model is known to Agent 1 only, the purpose of Agent 2 is to follow
Agent 1. In this case, the synchronization task is achieved when y, — y; for t — oo. It is clear that,
if both synchronization tasks are achieved, then we have also 1, — o for t — co. These tasks should
be achieved for any bounded reference signal r.

Assumption 1. To achieve the synchronization objectives, we need the following assumptions for the reference
model (R) and the agents (A):

(R1)  Zp(s) and Ro(s) are monic Hurwitz polynomials, where the degree of R (s) is less than or equal
to the relative degree of R;(s), n.

(R2) The relative degree of Gy(s) is the same as that of G;(s), i € {1,2}.

(A1) Zi(s),i € {1,2} are monic Hurwitz polynomials.

(A2) Anupper bound n of the degree n; of R;(s), i.e., i € {1,2}, is known.

(A3) The relative degree n* = n; — m; of G;(s), i.e., i € {1,2}, is known, where m is the degree of the
numerator. The relative degree of the agents and the reference should be the same.

(A4) The sign of the high frequency gains k; i.e., i € {1,2} is known.

In the next subsection, the synchronization of Agent 1 to a reference model will be discussed.

2.1. Synchronization of a Leader to a Reference Model
As classical MRAC was used for the SISO plant in Chapter 5 of [21], it is well known that the
agents i can be synchronized to the reference model by using the following control law:

o1 &(s) .1 &(s)

= h Ry T Ry s ar 3)

where A(s) is a Hurwitz monic polynomial and « are defined as

(s) [5”*2 "3 s 1} forn >2
(s)=0 forn=1 @)
A(s) = S Ay 08" 2 Ays + Ag = AoZo.

44
L4
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The consequence of Assumption 1 is that there are scalars [T, £, ¢*T, and ;T that match the
condition of agent i and the reference model such that
C;-kki o k() (5)
Ri(&)(AG) — [Tw) — kiZi(s) (f T+ i AGS)  Ro(5)Zi(s)Aa(s)’

The matching conditions for Agent 1 to the reference model can be defined as follows, in line with
Chapter 5 in [21].

CTkl = kO

*T *T * (6)
Ri(s)(A(s) = Iy &) =k1Z1(s) (fi" &+ 81A(s)) = Z1(s)Ro(s) Ao(s)

where ] = % Because the parameters of Agent 1 are unknown, the proposed control law (3) cannot
be used for Agent 1, and we can come up with

=T up + 1+ g1y1 +crr 7)
1 A( ) f 1 A( )y 81y
where the controller parameter vector ZlT , flT , 81, and ¢ are the estimates for likT, fl*T, g1, and cj,

respectively. Let us assume the relative degree of 1 for simplicity. Adopting a state-space representation
of the reference model and Agent 1, we obtain

Xo = Aoxo + Bor Yo = hng
— T (8)
= Ai1x1 + Biug Y1 = hl Xq.
It is well known that one can use the following adaptive law:
@y1 = Fw,y + du 0 = —Tqe wsn(k—l)
ul ul 1 1 1€10W158 ko ©)
wyl = F(Uyl + dyl U = 9{&)1
where ejg =11 —yo,I'1 = FlT > 0, wy, F, d, and 6 defined as follows
Wy1 (1)
_ Y = “Ap2 .. —Ag d—= oI — |IT T 10
w1 i - 0 1 [1 i & al- (10)
¥ 0

Here the adaptive gain, I';, is not taken as a scalar, as it is in most literature, but as
a diagonal matrix:
= diag{l"l,l"f,l"g, I} 11

where I';, T Iz I, T are the positive real numbers to be designed. By using the control law 11, one can
achieve y; — yp for t — oco. In this work, the Lyapunov-based approach is derived to show
analytically the asymptotic convergence of the synchronization error. First, let us define the state-space
representation of Agent 1 in the closed-loop form:

J&'l = Alfl —+ B1CT7’ + Bl (u1 — HikT(,L)l) y] = C].’fl (12)

T A D) =~ .
where ¥ = |x]  wi, wyﬂ . A1, By, and C; are defined as
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At Bgih] BT BT Bl
Av=| dgihl  F+diT dfT| Bi=|d| cf=[n] o of. (13)
dhl 0 F 0

Obviously, Agent 1 can be matched to Agent 0 or it can be said that Cy(sI — A1) !Byc} =
Co(sI — Ap) ' By. Therefore, the state-space representation of Agent 1 in the closed-loop form could
be rewritten as follows:

%1 = Ag®1 + Bor + Booj(ug — 6;Tw1)  y1 = Coxy (14)

where p] = Cl* By defining the state tracking error %19 = ¥; — x¢ and the output error ejy = y1 — yo,
1
we obtain the error equation:

%19 = AoX10 + Bopi 6] wy e10 = Co¥qo (15)

where §; = 6; — o7

Proof. To show analytically the asymptotic convergence of the synchronization error between the
leader and the model reference, let us define the following Lyapunov function:

T px ATT—19
xlOme 91 Fl 91

Vy(0y, %10) =
1(61, %10) > >

1] (16)
where P = PT > 0 such that

PAy+ AlP = —qq" —vL  PBy = Cy (17)
where L = LT > 0,and v > 0. One can verify the time derivative of V;:
_ 99 %10 ©

> — EffoLflo + PBOflopiﬁé{wl + 91TF1_1§1 |pf | (18)

Since PByX19 = Cof19 = e1p and p] = |p7|sgn(p]), we can delete the indefinite term by choosing

Vi =

61 = —T1eqowrsgn(py) (19)
which leads to .
v, = —W - gf{Owa. (20)

From (20), we obtain that V; has a finite limit, so %19, 0; € -%. Because %19 = %] — ¥y € L and
X9 € Zeo, we have ¥ € L. This implies x, 1, w1, wy € Foo. From uy = 0wy and 61, wy € L,
we have 1y € Z. Therefore, all signals in the closed-loop system are bounded. From (20), we can
establish that V; has a bounded integral, so we have %1, e19 € -%,. Furthermore, using 61, w1, £19 € L,
in (15), we have e1g, X19 € Ze. This implies e;p — 0 for t — oo, which concludes the proof. O

In relative degree 2 case (n* = 2), an extra filter is introduced to synchronize the agents with the
model reference. The extra-filter and the new form of the control law are defined as follows:

. k .
P1 = —pp1 +wy th = —T1€104’158”(kf(1)) up = 0f wy + 67 ¢y (21)

where p > 01is to be designed. Using similar Lyapunov arguments as before, one can prove e;g — 0 for
t — oo [21]. The complexity of the methods increases with the relative degree n* of the agent. In the
next subsection, the synchronization of Agent 2 to a leader node will be discussed.
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2.2. Synchronization of a Follower to a Neighbor

The control law (3) and consequently the matching condition (5) have two problems. The first
problem is that the transfer function G; of the agents is unknown, and we do not know the ! T I T 81
and cj. The second problem is that, even if the transfer function were known, the control law (3)
would be implementable only for those agents connected to the reference model, Agent 0, and with
access to r. Therefore, we cannot implement the control law (3) for Agent 2. In place of the matching
condition between Agent 2 and Agent 0, we should formulate a matching condition between Agent 2
and Agent 1. The following proposition follows.

Proposition 1. There is an ideal control law that matches an agent to its neighbor in the form

2= Ty + + g + Gy + BT (1 — wy) + )+ -m) . (22
21 A( ji 2l A( AQs)Y1 T8y e BT e (i — ) ' AG )(]/2 v +&-y) . (22)
Proof. In this proof, we want to formulate the matching conditions for Agent 2 to Agent 1 by using

the proposed control law for Agent 2. First, let us rewrite the control law (22) as follows:

18T 2y = (1 — )Ty + (f — £ + +13 + ghya + et
( A2 = -5 gm+ =) ()yl (821~ 82)n1 zA()yz §2y2 + et

(13 — 1) Tauy + (f37 — £3) Ty + A(s) (8% — 83)v1 + Bayz + g5yaA(s) + corug A(s)
(A(s) = I3Ta) '

(23)

Uy =

Substitute the control law in (23) to (2) and use the following matching condition of Agent 2 to
reference model

Ro(s)(A(s) = 13Ta) — kaZo(s) (f3 "o + A(5)83) = Za(s)Ro(s) Ao (s) (24)

which leads to

(Z2(s)Mo(5)Ro () (y2 — y1) + (Ra(s)(A(s) — 13Ta) — kaZo(s) (f31 & + A(s)g31))y1 =

Z*T l*T (25)
kzZz(S)CEl(A(S) + 27*106 — 270() ui.
A 3

Then (25) can be written as follows:
Ri(s)(A(s) = (BT = )a) = Zi($)ka((f5T — f5 )+ A(s)(85 — 831)) = Zu(s)Ao(s)Ro(s)  (26)
ko g by x« _ b ;
where c3; = o 5, = & and Z ;1 . This concludes the proof. O
The parameters of Agent 2 are unknown, but we can come up with

up =y 3t + R g +8uvn e+ 565 —w) + 15— y) + 22— ) (27)

where the controller parameter vector 1J,, 17, f},, f7, 21, §1, and ¢y are the estimates for I3, I3T,
, 5T, ¢51, g%, and c3,, respectively. Let us define the adaptive laws and the designed parameters
ST £ g3, g1, and ¢}y, respectively. Let us define the adaptive | d the designed paramet

as follows

. ; k
w, = Fwy, + duq Wyy, = Fowy,, + d(uz — ul) 0, = —F2621wzsgn(—2)
ko (28)

wy, = Fwy, + dy Wy, = Fwyy + d(y2 —y1) Uy = 92Tw2

where ep1 = Y2 — 1.
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wlgl
Wy, 1
n 0
R T
= F = n d = ol = |IT T T fT
w2 jTl |:In2 0} : 2 [121 fa &1 a1 L fy & (29)
Upy
0
wyn
Y2 — V1]

A(s) — g1 + )\n_zsn_z + ..+ A5+ Ap I = diag{l"l,l"f, l"g, I, l"l,l"f, l"g}

where I', I'r, I'g, I are the positive real numbers to be designed. By using the proposed control law u,
one can achieve the following result.

Proposition 2. Consider the reference model (1), with heterogeneous agents with unknown dynamics (2),
controllers (7) and (27), and adaptive laws (9) and (28). Then, all closed-loop signals are bounded and the errors

converge asymptotically to zero.

Proof. To show analytically the asymptotic converge of the synchronization error, the Lyapunov-based
approach will be used. First let us consider Agent 2 with dynamics

Xy = ApXy + Bouy Yo = hZTJQ. (30)

The closed-loop form allows us to write

3?2 = Azfz + Bzc§1ﬁ2 + Bz(uz — GET(,UZ) Y2 = szz (31)
T T
where %, = |x] wgl wyT] wgﬂ wyTz]} and il = [ul yl] .
T T T T T B Balgh )]
Ay + B2g>2kh2 leikl Bsz*I le; Bzfz* i n
0 F 0 0 0 = 0
Ay = dhl 0 F 0 0 |, B= 0 %
dgsh]  dly  dfy Fdly o dfy d1-L1) des) | G2
dhl 0 0 0 F 0 Ty
L ¢

C;=nf 0 0 0 o

From Equation (26), we already know that Agent 2 can match Agent 1 or it can be defined
as Ca(sl — A2)'Bacy; = Ci(sI — Ay)1Bic;. Therefore, Agent 2 can match the reference model
Co(sI — Ay)71Bycs; = Co(sI — Ag) ~1Bop. We can then take a non-nominal state-space representation
of Agent 2:

%y = Ao%a + Bor + Bopi(ua — 03T wa)  y2 = Coa (33)

where p5 = % By defining the state tracking error ¥;; = X — X1, and the output error ey; = y — 1,
1
let us define the following error dynamics:

%21 = Ao%o1 + Bops (2 — 65" w))
= Ao%a1 + Bop363" ws (34)
ep1 = CoXog
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where 05 = 6, — ;. By taking the Lyapunov function,

=T Py ATTr—1p)
X21PXQ1 92F2 92

Va(0a,%21) = 5 >

o3| (35)

where I, =TT > 0and P = PT > 0 such that (17) holds. The time derivative (35) along the trajectory
of (34) is given by

~T T~
X X21 0 . - - ~ T 1A
S22 2] L + PBofon 3@ wn + 03T ol p3 . (36)

Since PByX1 = CoXa1 = ep1 and p3 = |p5|sgn(p3), we can delete the indefinite term by choosing

Vy =

0, = —Taex1wrsgn(p3) (37)
which leads to

~T T =
X X
STl S L. (38)

From (38), we obtain that V; has a finite limit, so %31,0, € %.. Because %1 = % — %1 € Lo
and ¥; € Y&, we have X, € Z. This implies x2, y2, Wy1, Wy1, Wy21, Wy21, € Loo. From uy = 92Ta)2
and 6, wy € Z, we have uy € Z. Therefore, all signals in the closed-loop system are bounded.
From (38) we can establish that V, has a bounded integral, so we have %1,y € 4. Furthermore,
using 0y, wy, 21 € % in (34), we have e1, ¥1 € Zo. This concludes the proof of the boundedness of
all closed-loop signals and convergence e¢;; — 0 for t — oo. O

V, =

2.3. Synchronization of a Follower to Two Neighbors

Before giving the main result, it is necessary to deal with the case in which a follower
(called Agent 3) tries to synchronize two parent neighbors (called Agents 1 and 2). Let us assume
a directed connection from 1 to 3 and from 2 to 3. The digraph is described by .4/ = {1,2,3},

&= {(1r 3)r (1r 2)1 (2/ 3) }
Assumption 2. The communication graph is a directed acyclic graph (DAG), where the leader is the root node.

In addition, let us consider for simplicity an unweighted digraph, i.e., a;p = a13 = a3 = 1,
and the edges” weights are equal to 1. The network under the consideration is presented in Figure 2.
Leader Follower Follower

(Connected to reference {Not connected fo {Not connected o
model) reference medel) reference model)

Reference
Model

Co

Figure 2. A sample leader—follower directed communication graph with two followers.

We have Agent 3 denoted with subscript 3 and dynamics expressed in the transfer function form:

Z3(s)
R3(s)

where u3 € R and y3 € R are the input and the output of Agent 3. Z3(s) and R3(s) are unknown
monic polynomials, and k3 is a constant referred to the high frequency gains. Note that, possibly,

y3 = Gs(s) = k3 uz (39)
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Z3(s) # Z1(s), Z3(s) # Za(s), and R3(s) # Rq(s),R3(s) # Ra(s) (heterogeneous agents with unknown
dynamics). We assume a directed connection from Agent 1 to Agent 3 and a directed connection from
Agent 2 to Agent 3. By using this configuration, Agent 3 can observe measurement from Agent 1 and
Agent 2, respectively, but not vice versa. By following an approach similar to that taken in the previous
subsection (cf. Proposition 2), the synchronization of Agent 3 to Agent 1 is possible via the controller.

131A( )Ml +f31A( )yl + gay1 + caug + 13 A( )usl +f1 A( )631 + g3€31

(40)
= 031w31
and the synchronization of Agent 3 to Agent 2 is possible via the controller
uy = ity + o ya + gaaya + cxptin + 13 T um + e + gaen
2" TR At B A )

T
= 03wz

where 131 = u3 — uj and u3zy = u3 — up, and the output error e3; = y3 — 1, €32 = y3 — y2. In a more
compact form, the controller for Agent 3 can be defined as the addition of (40) and (41):

_gr_~“ T_& 831Y1 | Ca1ly o T & 8322 | C3Up
BEbiam Tt haamh T2 T2 TRne et a2t T

o o 836321
ZT T
B oAE e T g e T (42)
_ 6w
)

where 131 = uz + Uz, €331 = e31 + e3p, 03 = 031 + 03, and w3 = w31 + wszp. We then derive the
adaptation law and the parameters to be designed for an agent with two parent neighbors as follows:

. ) : k
Wy, = Fwyy +duq wy, = Fwy, +dy, Wuzy = Fusy, + duzp 03 = —F3€321w35g1”l(k%)
. . . 03 w3
Wiy = Fawy, + duy Wy, = Fwyz + dy2 Wezyy = Feveyy, + dezn s = 2
w; - [wu1 wy1 yl u wllz wyz yZ up wu321 w€321 6321] (43)
OT — [lT T ZT T lT T }
3 =151 f31 831 31 I3 f3o &2 e I3 f3 &3
—Ano .. —Ag T
F= d ...
S I )
A(s) = Snfl + An,zs'rz + ...+ )\15 =+ )\0 F3 = diag{rl, l"f, l"g, I, 1"1, l"f, l"g, I, 1"1, l“f, l"g}.

By using the proposed control law u3, the following result (which can be extended to general
DAG) holds.

Proposition 3. Consider the reference model (1), with the heterogeneous agents with unknown dynamics (2),
(39), controllers (7), (27), and (42), and adaptive laws (9), (28), and (43). Then, all closed-loop signals are
bounded and the errors converge asymptotically to zero. Using a similar approach as in [14], synchronization
can be extended to any DAG. The derivation is not provided due to a lack of space.

Proof. To show analytically the asymptotic convergence of the synchronization error, the Lyapunov-based
approach will be used. Let us define the dynamics error X3 = X3 — X1, ¥3p = X3 — Xp, and ¥3p1 = ¥31 + X32.
Following the same approach in the previous section, let us derive the dynamics error ez;:
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X321 = AoFsa1 + Bopky (us — 051 war) + Bopk, (uz — 03 wsn)
= Ap¥Xsp1 + 2B0p§215§Tw§T (44)

e = CoXan

where 03, = 031 — 0%, 05, = 030 — 0%y, 05 = 03, + 05,, and p3,; = p}; + p%- One can take the Lyapunov
function: . 1A
x PJ?321 0,5 93

= 5 T : ; 10321 (45)

V3 (03, %31) =

where I'; = Ig > 0and P = PT > 0 such that (17) holds. The time derivative (45) along (44) is
given by

Va = 23199 ¥1 0 Li a1 0% O IT10.| 0%
3= 5 Tyl PBo%321032103 w3 + 0315703031 |- (46)
Since PBy%z1 = CoXzp = e and phy; = |051/581(03,1), we can delete the indefinite term by
choosing .
03 = 63 = —Tsesnwssgn(pi) (47)

which leads to o7

. X f321 0 _ ~

Vs = — 321‘7; _ §x321Lx321- (48)

From (48), we obtain that V3 has a finite limit, so %3p1,03 € %o. Because X3p; = X3 + %32,
31 = X3 — X1 € Lo, X3p = X3 — Xp € Lo, X1 € Lo, and Xy € L, we have X3 € L. This implies
X3, Y3, Wyl, Wy2, Wy1, Wy2, Wy321, Wezp1 € ZLoo. From uz = 93TW3 and 03, w3 € Y, we have uz € Z.
Therefore, all signals in the closed-loop system are bounded. From (48), we can establish that V3
has bounded integral, so we have 331,631 € 4. Furthermore, using 03, w3, 331 € L in (44),
we have e3p1, X301 € L. This concludes the proof of the boundedness of all closed-loop signals and
convergence ez — 0 for t — oo. O

3. Switching Topology of Multi-Agent Systems

In practice, communication losses between agents may occur. Here, the communication loss is
defined by a switching edge ¢ If the switching edge is equal to zero, it means there is no communication
between Agent 1 and Agent 3, and vice versa. The time-varying communication between Agent 1 and
Agent 3 can change the network topology, which leads to different control structures in the form (42)
or (27). The network topology where communication loss may occur between Agent 1 and Agent 3 is
shown in Figure 3.

Leader Follower Follower
R(-.;L(-g:zloe (Connected to reference (Mot connected to (Mot connected to
madel) reference model) reference model)

0

R ... Switching Edge

Active (0 = ijhbf_lr‘wéétive (o0 =0)

Figure 3. The adaptive leader—follower directed communication graph with a switching edge.
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In order to prove the stability of the switched system, one can rely on the Lyapunov-based
approach. In the case of Agent 3 with two parent neighbors, one can take the Lyapunov function

as follows: . . 1A
X3, PX31  X3,PXsp 601,763
S TR 03 Bl ), 9)

V3(03, %301) =

In the case of Agent 3 with one parent neighbor, one can take the Lyapunov function as follows:

T P& ATT—1p)
X3, P% ;10
2 2 k) (50)

V3 (03, %32) =

where '3 = I'T > 0and P = PT > 0 such that (17) holds. It is clear that the Lyapunov function is
not common to (49) and (50). This is because the Lyapunov function is influenced by the switching
topology. Using the result in [19,20], we know that there is a dwell time for which stability can be
derived. However, such a dwell time is unknown in the output-feedback case. Therefore, we conclude
this work by proposing an adaptive switching scheme and by evaluating its effectiveness in simulations.
The switching scheme resembles the multiple model adaptive control, e.g., as discussed in [22-24].
The switching adaptive controller that will be applied in this work is shown in Figure 4.

Here we have a free-running adaptive controller C3(c = 0) for an agent with one parent neighbor
(Agent 2) and a reinitialized adaptive controller C3(¢c = 1) for an agent with two parent neighbors
(Agent 1 and Agent 2). Then, let us define the adaptive controller parameter vectors 63(c = 1) and
63(c = 0). Note that, if the switching edge is inactive, the 63(c = 1) value should be held at its last
value until the switching edge is active. Note also that 65(c = 0) is not affected by the switching edge
because it only depends on Agent 2. Consider that, if the switching edge is inactive, the measurement
of the input and the output of Agent 1 by Agent 3 are equal to zero.

MNeighbor
Communication
Cilo=1) {Communication Loss)
Adaptive Controllerfor @ T
Active Edge
Supervisor
* Bo=1)
Ci(o=0)
Adaptive Controller for
Inactive Edge L Agent3
> a=0
B ( ) Agent System
U
3 Y3

Meighbors (Y1, Y3, U1, Up)

Input and Output

Figure 4. Switching adaptive control of Agent 3.

4. Numerical Simulation

In line with [25,26], some simplified quadcopter dynamics are used as a numerical example.
The simplified quadcopter attitude dynamics is given as follows:

§=1"7 (51)
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where ¥, I, and Ty are the yaw angle, the rotational moments of inertia on the y-axis, and the
rotating torque on yaw angle, respectively. The yaw angle output will be utilized to synchronize the
yaw angle for all the agents. The state-space representation of the quadcopter i with attitude dynamics:

x lo ! Xyi + 0 ] T
yi = i 1| Ty
00 Iyi (52)
yl/’i = [1 0} xll,,-
where the state vector, x; = [¢;, ;], comprises the yaw angle and the yaw rate, i € {1,.., N},

where N is the total number of the quadcopter. Note that (52) has relative degree 2 (n* = 2). Index 1
indicates the leader quadcopter, which is the only quadcopter that has direct access to the reference
model. The reference model is indicated as fictitious Agent 0, which can communicate the reference
signal to Agent 1. The reference model dynamics in state-space formulation is given as follows:

X 0 1 Xypo + 0 T

0= 0 -1

O Y B T (53)
Yo = {1 0] Xyo

where the model reference parameters are taken as: ay = —0.5,a0 = —1,[;0 = 1, and the initial

condition of the reference model [¢;, ;] = [1, —1]. Each quadcopter has different and unknown

rotational moments of inertia I, and the initial state is also unknown. Therefore, the network is
composed of heterogeneous and unknown agents. Table 1 shows the parameters of each quadcopter
that are used only to simulate the network.

In the next subsection, we will illustrate the synchronization of the MAS based on output-feedback
MRAC with a fixed topology.

Table 1. Quadcopter parameters and initial conditions.

Li (¢ i
Quadcopter 1 1 [1,1]
Quadcopter 2 3 [—1, —1]
Quadcopter 3 2 [—1,0]
Quadcopter 4 4 [0, 1]

Quadcopter5 0.5 [1,0]
Quadcopter 6  0.75 [—1,1]

4.1. Multi-Agent Output-Feedback MRAC without Switching Topology

The simulations for multi-agent output-feedback MRAC with fixed topology are carried out
on the directed graph shown in Figure 5. The design parameters are taken as F = —0.7,p = 0.3,
and all coupling vector gains are initialized to be 0. Let us define the adaptive gain I'; for each agent i
as follows:
Iy = diag{l}, Tf,Tg,Tc}
rz = F3 = F5 = r(, = diag{F,, Ff, Fg, I’c, I’l, Ff, Fg} (54)
F4 = diag{l"l, l"f, l"g, r, l"l, l"f, Fg, T, Fl/ Ff/ l"g}

I' have been selected to give a smooth response and acceptable input action where I'; = 0.2,
Ir=0.05Tg=01, and I'c = 0.025. In our case, two reference inputs are considered:
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a constant reference input with an amplitude of 1;

a sinusoidal reference input with a frequency of 0.2 rad/s and an amplitude of 1.

Figure 5. The Directed Communication Graph Output-Feedback Scheme for Fixed Topology

Figures 6 and 7 show the output response and input response of synchronization with a constant

reference input, and Figures 8 and 9 show the output response and input response of synchronization
with a sinusoidal reference input

10 Output Responses (Constant Reference Input)
T

Reference Model
Agent 1
Agent 2
——Agent 3
Agent 4
Agent 5
——Agent 6

Output

-5

1
0 50 100

150
Time (sec)

Figure 6. Output response of output-feedback MRAC with a constant reference input.

0 Input Responses (Constant Reference Input)
T

Reference Model
Agent 1
Agent 2
——Agent 3
Agent 4
Agent 5
— Agent 6

Input

-40

1
0 50 100

150
Time (sec)

Figure 7. Input response of output-feedback MRAC with a constant reference input.
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10 Output Responses (Sinusoidal Reference Input)
T

Reference Model
——Agent 1
Agent 2
——Agent 3

0 Agent 4
" Agent 5
A —Agent 6

s //« Y an ~ \
Ny Noe- N\ / N \

0 50 100
Time (sec)

Output

-5

150
Figure 8. Output response of output-feedback MRAC with a sinusoidal reference input.

0 Input Responses (Sinusoidal Reference Input)
T

— Reference Model
Agent 1

Agent 2
——Agent 3 -
——Agent 4

Agent 5

—Agent 6

Input

-40

0 50 100

150
Time (sec)

Figure 9. Input response of output feedback MRAC with a sinusoidal reference input.

14 0f 18

It is observed that all outputs converge asymptotically to the output of the leader for constant
and sinusodal leader inputs, respectively. The following subsection will illustrate the synchronization

of the MAS with switching topology based on output-feedback MRAC.

4.2. Multi-Agent Output-Feedback MRAC with Switching Topology

The simulations for multi-agent output-feedback MRAC with switching topology are carried out
on the directed graph shown in Figure 10. The communication between Node 4 and Node 1 varies with
time, e.g., due to communication losses. It must be noted that Agent 4 only has one parent neighbor if

the edge is inactive and has two parents if the edge is active.

Figure 10. The directed communication graph output-feedback scheme with switching topology.
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The activity or inactivity of the edge is defined by the switching edge of Figure 10 (c = 1, edge is
active and ¢ = 0, edge is inactive). The switching edge signal is shown in Figure 11. If the controller is
not switching, Agent 4 continues to use the controller for two neighbors instead of only one. Note that
the parameters of Agent 1 are equal to zero when there is no connection.

The design parameters and the reference inputs are the same as the design parameters and the
reference inputs in the previous subsection. The output response of synchronization with a constant
reference input and a sinusoidal reference input are shown in Figures 12 and 13, respectively.

It can be observed in Figures 12a and 13a that the output of Agent 4 does not converge to the
output of the leader, while in Figures 12b and 13b all the outputs converge asymptotically to the output

of the leader. It can be concluded that, in the case of switching topologies, the switching adaptive
controller must be implemented.

Switching Edge (Agent 1- Agent 4)
T

1
0.8 s
0.6 N
&
0.4 -
0.2
0 B
Il
0 50 100 150
Time (sec)
Figure 11. Switching edge o.
10 Output Responses (Constant Reference Input)
T
— Reference Model
Agent 1
Agent 2
——Agent 3
——Agent 4
Agent 5 i
Agent 6

Output

-5 L
0 50 100 150
Time (sec)

(a) Agent 4 without a switching controller

10 Output Responses (Constant Reference Input)
T
—— Reference Model
Agent 1
Agent 2
——Agent 3
Agent 4 i
Agent 5
=] Agent 6
o
=] -
o
-5 -
0 50 100 150

Time (sec)

(b) Agent 4 with a switching controller

Figure 12. Output response of the output-feedback MRAC with a constant input reference where the
controller is not switching (a) and the controller is switching (b).



Machines 2018, 6,7 16 of 18

Output Responses (Sinusoidal Reference Input)
T

—— Reference Model

Output

-5 L
0 50 100 150
Time (sec)

(a) Agent 4 without a switching controller

Output Responses (Sinusoidal Reference Input)
T

——Reference Model
—Agent 1

Agent 2

Agent 3

Agent 4

Agent 5
—Agent 6

Output

0 50 100 150
Time (sec)

(b) Agent 4 with a switching controller

Figure 13. Output response of the output-feedback MRAC with a sinusoidal input reference where the
controller is not switching (a) and the controller is switching (b).

5. Conclusions

In this work, it was shown that the output synchronization of a heterogeneous MAS with unknown
dynamics can be achieved through output-feedback MRAC. New adaptive laws were formulated
for the controller parameter vector by using a matching condition assumption. In contrast with
standard MRAC, where the adaptive gain is scalar-valued, in this work, the adaptive gain is a diagonal
matrix. By using the proposed control law, the agents only require the output and the control input
of its neighbors. This approach provides much convenience in the design and application of MAS
synchronization because it does not require global information (e.g., the Laplacian matrix or algebraic
connectivity). In order to have the synchronization error converge asymptotically to zero and to achieve
bounded stability, a Lyapunov-based approach was derived analytically. In addition, a distributed
switching controller was proposed to handle communication losses that deteriorate the synchronized
response. Finally, numerical simulations were provided to validate the proposed method. It was
shown that the convergence of the synchronized response can be achieved for a network with fixed or
switching topologies.

Future work will include handling networks with possibly directed cycles; in the presence of
cycles or loops, we expect a specific condition to ensure the stability of the proposed approach.
The study of robustness in the presence of bounded disturbances could be an extension of the proposed
output-feedback MRAC. Another exciting research direction could consist in exploring the possibility
of handling system constraints (e.g., input constraints/actuator position saturation) for synchronization
of MASs [27,28]. Another avenue worth investigating is the extension to state/output synchronization
of nonlinear systems.
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