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Abstract—The paper develops a novel framework of consensus
control with fault-estimation-in-the-loop for multi-agent systems
(MASs) in the presence of faults. A dynamic event-triggered
protocol (DETP) by adding an auxiliary variable is utilized to
improve the utilization of communication resources. First, a novel
estimator with a noise bias is put forward to estimate the existed
fault and then a consensus controller with fault compensation
(FC) is adopted to realize the demand of reliability and safety of
addressed MASs. Subsequently, a novel consensus control frame-
work with fault-estimation-in-the-loop is developed to achieve the
predetermined consensus performance with the /,-/., constraint
by employing the variance analysis and the Lyapunov stability
approaches. Furthermore, the desired estimator and controller
gains are obtained in light of the solution to an algebraic matrix
equation and a linear matrix inequality in a recursive way,
respectively. Finally, a simulation result is employed to verify the
usefulness of the proposed design framework.

Index Terms— Consensus control, dynamic event-triggered protocol
(DETP), fault compensation (FC), fault estimation, multi-agent
systems (MAS:s).

I. INTRODUCTION

IN the last decades, the collective behaviors (e.g., consensus
and swarming) have been investigated toward multi-agent
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systems (MASs) due to their extensive implementation in
engineering practice such as intelligent transportation systems,
sensor networks, and formation control of unmanned air
vehicles [1]-[3], and so forth on. As a typical representative,
consensus is one of the emerging issues for MASs in the
framework of cooperative control. The main goal of
consensus, by utilizing local neighboring information, is to
construct an appropriate control protocol such that the states
of all agents reach some common values where each agent
should be able to share its local information between adjacent
agents via a shared communication network [4], [5]. To date,
a surge of research results under different network environ-
ments or dynamic behaviors have been reported in the
literature, including, but not limited to, linear MASs with
network-induced phenomena or communication scheduling,
nonlinear MASs with network-induced phenomena or commu-
nication scheduling, MASs subject to cyber-attacks as well as
MASs with various constraints [6]—[8].

It should be noted that the interaction of data via the shared
communication channels received a lot of attention primarily
because of the spatial distribution characteristic of the agents.
Compared with traditional networked control systems, the
burden of communication has generally increased in practice
and, consequently, the probability of data conflicts occurring
has increased [9]-[11]. In order to overcome this shortage,
some communication scheduling schemes, including event-
triggered protocols, stochastic communication protocols as
well as Round-Robin protocols, have been employed to
govern the exchanges of data, see e.g., [12]-[14] and the
references therein. Among these protocols, considerable
results based on event-triggered protocols have been devoted
to deal with the consensus control issue, where data exchanges
occur if and only if some predetermined events occur, see e.g.,
[15]-[17]. This type of protocol is generally an artificially
designed scheme for transmitting information into the
application layer and thus its shapes and structures are diverse.
It should be emphasised that event functions are usually
constructed by real-time relative status/measurement informa-
tion and fixed trigger thresholds. There is no doubt that these
types of protocols lack the capacity to dynamically adjust the
burden of communication. As such, from an engineering
viewpoint, a dynamic event-triggered protocol (DETP) with
time-varying threshold [18]-[21] should release much fewer
events while still keeping the same system performance,
which gives rise to one of the main motivations of our
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investigation.

It is not uncommon in engineering practice for system
components to be subject to faults, which could result in
degraded system performance or instability of the treated
systems. As such, consideration must be given to the
requirement of reliability and safety at the design stage. As an
active approach, an adjustable controller can be predetermin-
ately designed in the framework of fault tolerant control
(FTC) such that the closed-loop system performance can be
satisfied at an admissible level when unpredictable faults
occur. For instance, a two-layer framework has been
developed in [22] to realize the containment requirement in
the presence of faults where the unknown fault coefficient has
been estimated and an adaptive tracking controller has been
derived. Furthermore, another novel approach should be that
the appropriate compensation can be taken in active
controllers where fault information (i.e., size and amplitude)
can be provided via designed fault estimators. Obviously, the
fault estimator will take part in the control closed loop, and
hence this kind of approach can be regarded as active FTC
using fault-estimation-in-the-loop [23]-[25]. To realize this
purpose, the fault should be detected or estimated via
observing the system input/output [26]. Nevertheless, most
existing literature has been documented based on fault
estimation or FTC problem only, see e.g., [27]-[32]. For
instance, the states and fault signals have been estimated
simultaneously in [27] with torus-event-based protocols and
multiple fading measurements. Besides, a distributed FTC
strategy has been obtained in [28] to ensure the overall stabi-
lity for large-scale interconnected systems while the propa-
gation characteristic of occurred faults cannot be taken into
account adequately. In summary, the active FTC using fault-
estimation-in-the-loop has not yet received much attention for
the distributed system.

It is not difficult to find that a large body of accessible
results have not been applicable to handle the consensus
control issue of MASs with fault-estimation-in-the-loop, not
to mention the case where a DETP is a concern. Evidently,
consensus control embedded fault estimation for MASs under
DETP inevitably encounters the following identified chall-
enges: 1) how to design a consensus controller with fault
compensation (FC); 2) how to develop an analysis framework
of consensus performance considering the impact from faults;
3) how to design the gains of both fault estimator and
controller to realize the addressed consensus.

By the discussions above, this paper endeavours to develop
a novel framework of consensus control with fault-estimation-
in-the-loop by addressing the above three challenges. The
main contributions of this paper are highlighted as three
aspects: 1) A novel cooperative framework of consensus
control and fault estimation is established for MASs with
DETP in the presence of faults; 2) A novel estimator with a
noise bias is put forward to estimate the existed fault and then
a consensus controller with FC is adopted to realize the
desired consensus performance with the /;-/, constraint; and
3) By employing the variance analysis and the Lyapunov
stability approaches, the desired estimator and controller gains
are obtained in light of the solution to an algebraic matrix
equation and a linear matrix inequality in a recursive way,
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respectively.

Notations: The notation used is fairly standard if not
explicitly. 1y denotes a vector column with all ones. ||a|
describes the Euclidean norm of the vector a. I, denotes the n-
dimensional identity matrix. ® represents the Kronecker

product, and the augmentation as [m!,...,m}]" of vectors

T

my,.

..,m}, can be denoted to col{my,...,my}.

II. PROBLEM FORMULATION AND PRELIMINARIES

First, let us briefly introduce some necessary information on
graphs to describe the communication topology of MASs. A
fixed undirected graph is represented by G =(V,&,L) of
order N with the set of nodes V ={1,2,...,N}, the set of edges
ECVYxYV and the Laplacian matrix L=[a;jlyxn.
Specifically, an edge of G is represented by the ordered pair
(i, j), and if there is an edge between nodes i and j (i.e.,
(i, j) € &), then agent j can transmit the information to agent i.
Furthermore, such an agent is regarded as a neighbor of agent
i, and the neighbors’ set is defined as N;={j eV : (,)) € &}.
Furthermore, the Laplacian matrix L =[a;jlyxy is with
a;; >0 for i+ j and aiiz—zljy:laij where a;; = -1 if (i, ))
belongs to & otherwise a;; = 0.

A. System Models

Consider the following the multi-agent system (MAS)
consisting of N agents where the dynamics of the ith agent on
the time interval [0, T'] is expressed by

Xik+1 = AgXig + Biutix + Dywik + Fi fik

Vik = CrXix+Epvig (1)

Zixk = Hixig
where x;; € R™ is the system state; u;x € R™ is the control
input; y;x € R™ is the measurement output; fix € R"/ is the
fault; z;x € R™ is the controlled output; and w;; € R" and
vix € R™ are, respectively, the process noise and measurement
noise with means E{w;t} = p1; and E{vix} = u2, and covari-
ance matrices 0'% A and 0'% 1. Note that w;; and v are
independent and identically distributed sequences. A, By, Cy,
Dy, Ei, Fy and Hj are known time-varying matrices with
appropriate dimensions.

In the ideal case, the consensus controller is designed with
the following form:

Uiy = Ky Z aij(yjk = yik) = Kiix (2)
JEN;
where K} is the controller gain matrix to be determined.

In what follows, defining & = [ ka i,Tk 17, the augmen-

ted system is further written as
{fi,kn = Apéix + Buix + Dywix 3)

Yik = Ciéix + Ervik
where

- [ A F
Ak:[ 0 1

_ T —
Di=|DI o, G=[C 0]
The following assumption is imposed to achieve the main
objective.
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Assumption 1: The control matrix and the fault matrix
satisfy rank(Bg, Fy) = rank(By), that is, there is a transform
matrix My, such that Fy = B, M;.

Remark 1: From the engineering point of view, part
components of the actuator faults occur, which result in
abnormal noises added in the normal control signals or the
loss of normal control signals. As such, the assumption
rank(By, Fy) = rank(By) is reasonable and of apparent signi-
ficance in practice.

B. Fault Estimator and Controller Based on Dynamic Event-
Triggered Scheme

In this subsection, a set of fault estimators will be designed
to compensate the performance loss caused by faults in this
paper. Specifically, an estimator on agent i can collect all
measurement signals from itself and its neighbours when
needed and then estimates the potential faults with the purpose
of FC. Furthermore, an event-triggered rule is exploited to
adjust the communication burden. Now, let us provide more
details about them.

Denote the estimated fault on the estimator i as fiz. For
presentation convenience, the event-triggered instant seque-
nces on estimator i are defined as 1) <7 <) <--- <1l <---
and the employed event execution function Y(,-,-,-) is as
follows:

T(hil’k, hlz,k’ 6i,k, gi)
1
= h,l {h}k + hf{h,zk - ;51',1( - 8iyfkyi,k 4

with the gaps hik =Yik =Ygl and hﬁk = fix _f"”i (keld.i,)),
where Vid and fl,;( are, respectively, the measur'ement and the
estimated faults on the latest triggering instant 7, . 7; and &; are

two known positive constants, and J;  is an internal dynamical
variable satisfying

Sikst = Pilik—hig bl =i hZ +E] ik
, R ’ ®)
0i0= 56
with 66 >0 being a predetermined initial condition.
Furthermore, 0 < p; < 1 satisfying 7; > 1/p; is also a prescri-
bed constant.
In the practical implementation, the event occurs only when
the condition ‘Y‘(hl.l’k,hl.z‘k,é,-,k,e,») <0 is violated, and hence the
event release instants are given recursively as follows:

to, = inf{k > 11 (h g 17 s S 81) > O). (6)

Furthermore, in the event instant, the sensor i deployed on
the estimator i will immediately broadcast its measurement
and estimated fault to its neighbors. In this scenario, the
designed fault estimator on k € [t}(,t;{ ) is in the following
form:

Eir1 = Arig+ Bt g+ Gix(vik —Dix)
+ Dy — GikErtai @)

where G is the parameter matrix to be determined, &,k is the
estimation of &;; which is the augmentation of states and
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faults on agent i. Obviously, the second-block-element in &;y
is just the estimate of fault f;.

The adopted consensus controller with fault compensation is
constructed as follows:

uiy = Ky Z aij(yj,t]{ —y,-,,i) - M; Z aij(fj’,]{ - fi’fi)

JEN; JEN;
= Kidix + K Z aij(h,-l,k - h},k)
JEN;
— M @ -0 - My Y aii(fi—fin) (8)
JEN; JEN;

According to the above illustration, denoting
& = colyiéin), & = colyt&irl, hy = colylh;,}
hy = coly{hy, ). fr = colnifix), fic = colw{fix)

vk = coly{vir}, wi =coly{wix}, zx = coly{zix}

and ey = & — &, then keeping the gaps in mind, one can easily
access the estimation error dynamics

k1 = (Un®Ar—GrCier + (Iy® Dy)
X (i = fi1) = GeEx(vi = f12) ©)
and the closed-loop system
&1 = U @A+ LB (BiKiC1))ér
+(L® BiKh} — (LONp)h?
+(L®BKLEp)vi + (In ® Dy)wy
~(LONYE~ (LON)(fe— fi)
zx = (I ® Hy)éy

(10)

where
Gy =diag{G x,Ga,....Gni)
Cy = diag{Cy,...,Ci}, Ex =diag{E;,...,E;)
N N

fu = coly{ur ), iz = colyf{ua;}, Hi =[ H; 0 ]
Ne=BiMe=| MIBT 0 |
Ne=[ 0 By |.

In what follows, let

= T T T T
&= [ é:],k é:z,k «fN,k ]
- T =T = T
Zr=12Z1 2 Iy |

where &y = &y — (1/N) XY & Noticing that & = (d®

Lyin )k and z; = (®®1, )z, with ®=1Iy— (1/N)1x1%, one

can derive that

&1 = (Un®AR) + L& By Kk Cr)éx
+(L® BkKk)/’l]lc - (L@Nk)hi
+(L® BkKkEk)vk + (CT) ® Dk)wk
—(IN®Né& — (L Np)Zey

zi = (In @ Hp)é

(11)

where
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0 -1 0 O 0 O
0 0 0 -I 0 O
o 0 o o0 - 0 -I

Defining variables
di=lwf vi1", e=1h" "
the above closed-loop system can be rewritten as follows
{5k+1 = Aiéi + Frex + Bihy + Didy

_ (12)
Zr = Hiéy

where
A= In@A+ LOBK.Cr)— LON,

Bi= | LOBK: —(L&Ny) |
Dy = [ d®D, LOBK(E, ]

Hi= In®H, Fr=—-(LON,)E.

Remark 2: In order to improve the reliability and safety, the
controller input should integrate some compensation to make
up for the impact from occurred faults. Usually, a virtual
system [22] or a dynamic compensator [23]-[25] can be
employed to give rise to the desired control signal for the fault
compensation. When MAS is a concern, the fault propagation
is not considered if only the fault from the agent itself is
compensated in the designed controller [25]. Fortunately, the
fault propagation can be avoided via the utilization of a virtual
system in the upper layer [22]. Compared with the existing
literature, the propagation characteristics of the faults
occurring in different agents are taken into account in this
paper via the employed compensation My 3 jep;, aij( ff’i - flt],( )
while the impact from external noises is also suppressed via
embedding the statistical characteristic of noises.

In this paper, our aim is to design both the fault estimator
gain Gy and the controller gain Kj such that the closed-loop
system (12) reaches the pre-specified finite-horizon consensus
performance with the given /-l constraint on the interval
[0,T]. Specifically, the paper expects to the following two
requirements:

1) By resorting to the collected local measurements, design
a fault estimator (7) such that, based on estimate error
dynamics (9), an upper bound of covariance matrices is
achieved, that is, there is a positive definite matrix Iy
guaranteeing E{eke,{} <T% in least-squares sense;

2) In light of the estimated fault, design a fault-compensated
consensus controller (8) such that the following -l con-
sensus performance is achieved for the closed-loop system (12)

T
EfsuplEl?) < 7> D {lldell? + Amax (Ditrace( W)
k=0

+ Amax{Extracel VY| +y” E{E] Qoo

N
. 1
+eb Moe0+z;5i,0} (13)
i=1 !
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where y > 0 is a prescribed scalar, Q > 0 and M, > 0 are two
known weighted matrices.

III. MAIN RESULTS

In this section, the error dynamics is first analyzed by using
the least-squares approach to estimate the occurred faults. The
consensus performance with the /-l constraint is then
guaranteed for the closed-loop system with the formulated
gains. To this end, the following lemmas are necessary.

Lemma 1 [33]: Assume that the map Wi (-) : [0, T]xR™ —
R™ is a positive-definite matrix function. If W(U;) < W(U,)
for 0<U, <U, with Uj=Ul and U,=UJ, then the
solutions Ny, = Wi(Ny) and My, < W(M;) with the initial
condition My = Ny satisfy M+ < N1

The following lemma can be easily realized along with a
similar line in [19].

Lemma 2: For the dynamic event-triggering conditions (5)
and (6) with 6;0>0 (1 <i<N), ;4 satisfies d;; >0 for all
k € R if there exist scalars p; and 7; such that p;7; > 1.

Remark 3: The above lemma definitely discloses the
behavior of internal dynamic variable §;;, whose non-nega-
tivity caters for the requirement of practical engineering. Fur-
thermore, such a variable provides more adjusting capabi-
lity in comparison with traditional condition h}{h}k +h T h? -

ik,
T
Y Vik-

A. Performance Analysis and Gain Design of the Fault Estimator

In this subsection, let us discuss the performance of the fault
estimator and its gain design in the least-squares sense.
Specifically, the upper bound of the estimator error covariance
is presented and the estimator gain is designed to guarantee
that such an upper bound is minimized.

Theorem 1: The adopted fault estimator (7) with Gy is
unbiased, and the upper bound of covariance matrices of
estimation error dynamics (9) on the time interval [0, T]
satisfies the following iterative equation:

Tiert = Uy @Ay = GiCoTk(Iy ® Ay — G Ci)"
+(IN®D)W(Iy® D] )+ GLExVE] G (14)
where
W = diaglo] 1o 1.0 I}
V= diag{o%’ll,o'g’zl,...,U%,NI}.

Proof: First, it follows from (9) that

Efers1} = E{(In® A — GiCr)ex
= GrEx(vi— i) + (In ® Di)(wi — 1)}
= (In® Ay — GkCr)E{ex}

which means that the adopted fault estimator (7) is unbiased if
the initial condition E{ey} = 0.

Subsequently, let us compute the covariance of estimation
error dynamics (9). Recalling the definition of covariance
matrix, we calculate Py along with the trajectory (9) that
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Piv1 = Elegsief, |}
= E{[(INn® A — GiCiex — GrEr(vi — fi2)
+(Iy® Dp)(wi — 1) ][(In ® Ak — G Cr)ex
+(Iy® Di)(wi — i) = GrEx(vi — )]}
= (In® A — GrCr)Pi(Iy ® A — Gy Ci)"
+(IN® D)Wy ® D) +GLEVE] G} .

Noting Lemma 1, we can find that the obtained matrix I'y
via the iterative equation (14) ensures Py < I'y when the initial
condition Iy > Py. [ |

For the purpose of determining the estimator parameter,
taking the partial derivation of trace I';4; in regard to Gy into
consideration, one obtains

otr(TC _ - - _
;Tkk“) - (U@ AT - Ty @A)

+ GkC‘kaC‘,f + C’kaC’,{G,f
+GEVE] + EVE] G (15)
Now, the estimator parameter G can be determined by
minimizing the trace of matrix 'y, |, whose analytical solution
is provided in the following theorem.
Theorem 2: The adopted fault estimator (7) is unbiased, and

the upper bound of its estimation error covariance on the time
interval [0, T'] is minimized via the following designed gain

Gy = IN® AT CT (Gl CT — ExVET )™ (16)

where the given initial matrix I'y is a diagonal one.

B. Controller Design With Fault Compensation

In the above subsection, the desired fault estimator is
designed in the mean square sense. In what follows, a fault
tolerant controller is discussed with the help of obtained
estimated faults in this subsection.

Theorem 3: Consider the MAS (1) under DETP (4) with
two predetermined parameters p; (0 <p; < 1) and 7; (7; > 0)
meeting p;7; = 1 (i €{1,...,N}). Let positive scalars y and &;,
two weighted matrices Qp and Mo, as well as two gain
matrices K and Gy be given. The consensus performance (13)
with the [l,-l, constraint is achieved for the closed-loop
system (12) if there exist two positive matrices Q; and My
(satisfying Qy < Qo and My < M), and a constant « > 0 such
that, for all 0 < k < T, the following linear matrix inequalities:

Elll * * * *
0 Eiz % % %
= &' 0 EF s+ x |<0 (17)
=41 =43 =44
=y 0 ES E *
0 0 0 0 A
A N (18)
>
Hy, )/21

hold, where
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5 = Al Qe Ay +C;{K1Ck - Q

51%2 = ﬂTQkHﬁ +ﬂk—Mk

Eil = ﬂI{QkHBk, 513(3 = B,{Qkﬂﬁk—&

Eil = ﬂIZQkHDk +C}ZK18k, 523 = BZQkHDk
= = DT Qo1 Dy +EL K & — 21

2 . 1 1

A= dlag{a(T—1 +K>1’M’£N(E +/<)1}

1 1 1
_Is"'s_l,_l}

T1 N TN
2N

S 1
Ry = kI + diag{ —1,
!

p]—1+K

1,...,pN-1+K1}.

K3 = diag{
T1 ™~

Proof: To begin with, the Lyapunov function is adopted as
follows:

Vi = Vi) + Valer) + V3(51) (19)
where
Vi) = & Quér, Valer) = ef Mier, Va(p) = %5/(
and then the difference of V} is written
AV = AVi(&) + AVa(er) + AV3(6x) (20)

where

AVI(&) = E{ViEaDIE) - Vi)
AVi(er) = E{Va(ers1)lex} — Valex)
AV3(61) = E{V3(0k+1)I0k} = V3(6k).

From now on, calculating the difference of AV;(-) and
AV5,(-) along the trajectory of system (12), one has

E{AV (&) = E{EJCTHQngkH _é_{ngk}
= E{(ﬂkgk + Frer + Brhy + Z)kdk)TQk+1
X (A& + Frew + Bihyc+ Didy) - E Qi
=E {ng (AL Qi1 A — Qu)éx +2&] A Qi1 Bih
+ 2] AT Q1 Didy + 21! Bl Qi1 Didy
+ef Tl Qur1Frer + hy Bf Qa1 Bihy
+d D} Q1 Didl). @1
and
E{AVa(ep)} = Elel, , Mis1ex+1 —ef Myer}
= E{[(Un ®Ax - GiCr)ex — GrEr(vi — f12)
+ (Iy @ D)(i = iD)] My [Ty @ A
- GiCer + (Iy® Dp)(wi — 1)
—GEr(vi — )] - ef Myex}
< el (A = Mi)er + Amax Dy Jtrace{ W)

+ Amax (ExJtrace{V} (22)
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where B = A Qe Ak + CL A Gk -
A = (Iy@ Ay GiCi)" Mivi(In @ Ay — Gy Cr) EP =Bl Q1B - Ao
Dy = (IN® D) M1 (Iy® Dy) B = AL Qi1 D +Cl M1 &k
. - .
&k = (GkEw)" Mis1GrEk. B4 = DT Quy D+ ET A&
Similarly, we can derive AV3(-) along the trajectory (5) that
_55 — di {Pl -1 pn—1 }
1ag I,..., 1.
T1 N
E{AV3(6 0
360} = Z ( T l’k)} Meanwhile, reviewing (4), it is not difficult to obtain that
N 1
1 WThl +n2Th?, — =65 — eyl yix <0. 25
— E{Z ;i(piéi»k_h},ihik ik ik ik ik 7 ik iY; i Yik ( )
i=1 Keeping the above inequality in mind, (24) yields
I+ ik = 010 E{AVi) < E{n{ Eoic+ Amax (D trace{ W) + dmax (€ Jrace( V)
N
pi—1 ZT z _ 3T N
=E 0ik + & CkA1Créi — hy Aohy 1Ty 22 L T
{ T l k k - Z K(hi,k hjy+hi iy — T_iéi,k - siyi,kyi,k)}
+ 28] CiliExd + d] E] M} (23) v
where = Efnf Exme+ ) SOt KECLMCiE
i=1
A= diag{g—ll, . S—NI}, + 28I CT A Edy + dl ET A Exdy) — kh!
T1 TN
+ Amax{ DiJtrace{ W} + Amax {Ex Jtracef V}}
1 1 1 1 = ~
Ay =diagd —1,—1,...,—1,—I = E{nj Zene} + dmax| D trace( W)
! TN TN
2N + Amax {Ex Hrace{V} (26)
Ci=Iy®Cr &=[0 (y®E) |. where
. - - - 1 =1 * * * *
Denoting r; = [ fkT e,{ h,{ dkT 6,{ 17 and &; = (6], k .
1 ’ 0o &= * * *
53,17, and substituting (21)~(23) into (20) lead to 5| = (’)‘ =
E{AVi) = E(E] (AL Qe Ay +C] AiCi - Qo B 0 EP EY

+ 28] A Qi1 Bihy + 28] (A] Qa1 Dy 00 0 0 A

=44 T
+Ci MEDd + Iy (B Qi1 B — Ay = = DlQu D+ E K &,
+e] Fi Qe Frex + e (Ax— Miey K =diagleil.....enl).

In what follows, let us investigate the consensus

+ Amax [ DiMtrace{ W) + Apax (E Jtrace(V
max{Di) W)+ Amax (] i performance with the /-l constraint for the MAS. To this

+2h By Q1 Dydy +dj (E{ M1&x end, it is easy to see that
T
+D; Qk+1Dk)dk+Z :k} E{Vk— Vo—yZZ(ddek
i=1 k=0
T= 2 ~ ~
= E{n} Eim) + Amax{ Diftrace( W) + Amaxt Dedtrace (W} + Amay [ Ecltrace(V})}
+ Amax (Ex Jtrace{ V) (24) T
where = E{ Z AVi—v? Z (ddek
=11 q = k=0
:‘k % k k k ~
0 B2 « o« = + Amax| Deltrace (W) + Amax [ Ectrace(V})}
5| = g BB . . T
=k =k =k Te
41 o g8 ogM < Z E {’lk Hkﬂk}
“k “k k k=0
0 0 0 &7 <0 27)
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which means
T
E{Vi} < Zyz dek + Amax{ D Jtrace{ W)
k=0

+ Amax{Ex trace{ V})} + E{Vo). (28)
Finally, the inequality (18) implies that kT Hy < y*Qx
holds. Considering z, one has

_T=

Z0 2 = & H Hi&
<YE Q&
(f Qkfk +e; Mkek + %(5/6)

= V. (29)
Taking the conditions Qy < Qy and My < My as well as the
above inequality into consideration, and (29), one has

T
Z YA{d] di+ Amax { Dy trace( W)
k=0

+ /lmax{ék}trace{V}}

E{supl[Z/[*}

N

2 ET A E 2 T K 1
+ ¥ E{E Qoo + e Moeo + ; - Siof  (30)
which means that the consensus performance is satisfied with
the /-1, constraint over a given finite horizon. [ |

Next, the controller gains are obtained based on the linear
matrix inequality technique.

Theorem 4: Consider the MAS (1) under DETP (4) with
two predetermined parameters p; (0 <p; <1) and 7; (r; > 0)
meeting p;7; > 1 (i € {1,...,N}). Let positive scalars y and ¢; as
well as two weighted matrices Q) and My be given. The
consensus performance (13) with the l-I, constraint is
achieved for the closed-loop system (12) if there exist the
positive matrices @ and M; (satisfying Q<@ and
MOSMO), matrices Giix, Giz2x and Gaox and Ky, and a
constant « > 0 such that, for all 0 < k < T, the following linear
matrix inequalities:

> [ 5o } 0 (31a)
k=1 s s | S a
Lo L
Q  x
L, |>0 (31b)
H, y°I
hold, where
ilil * * k %
0 M * * *
il = 0 0 Ay * =
CkTI_\)]Sk 0 0 223 *
0 0 0 0 As
i,lcl =C£K1Ck-@k, ﬁ% =IN®A_k—Gka
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[ AL 0 B Dy
2=l 0 F& 0 0
0 A 0 0 0
[ Qi1 -Gi—-Gf 0 0
2132 = 0 —Qi+1 0
0 0 ~Mis1

3= 8,{1(18/( ¥, G = IN®G Wi
ﬂ]i = IN®G1kaA_k+.£®kkék_£®G1kaNk

B =[ -£®kk - LG Wi Ny ]

Dk=[ ORG 1 Wi Dy £®I~<kEk ]
Gir G
G =
0 G

[ | — T
We=| B«Bl By (BD" |
- _ T ~
Ke=| KI' 0] =GuWiBiKi.
Furthermore, when the above inequality is solvable, the
expression of controller gain is determined by Ky = G|, kKk
Proof: First, in terms of the Schur complement lemma, (17)
is written as follows:

2,11 *
Y = ] <0 (32)
21 y22
2:k zk
where
[ Ax 0 By Dy O
=l 0 &% 0 0 0
0 A 0 0 0
_Ql;il 0 0
21%2 = 0 _Ql;il 0
0 0 _Ml;il
In what follows, pre-multiplying and post-multiplying
inequality (32) by diag{l5l’l9l’la gk’Qk+l’Mk+l} and
diag{l,1,1,1,1, QZ,QZH ,Mis1}, respectively lead to
z —[2}61 ' }<O (33)
k=l 521 22
oo
where
-1
G416 0 0
iiz = 0 —Qp+1 0
0 0 _MkH

Then, by means of the inequality
-GGl < Que1 -Gk -Gy

the above inequality can be guaranteed by the following one
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[ ZI& Lo } <0 (34)
$21 $22 )

oo

Hence, the proof is completed. [ |

Remark 4: The focus of this paper is on designing a
consensus controller with fault-estimation-in-the-loop under
DETP. Some sufficient conditions are derived in four
theorems to achieve the predetermined consensus performance
by resorting to the variance analysis and the stability analysis.
Specifically, Theorems 1 and 2 deal with the issue of fault
estimation, which provides the compensation information in
the consensus controller. From these two theorems, we can
find that (14) describes the iterative formula of error variance
and the gain of fault estimator minimizing the above variance
is determined by (16). Furthermore, based on the desired
estimate of faults via Theorems 1 and 2, Theorems 3 and 4
handle the problems of the consensus analysis and gain design
of the desired consensus controller, respectively. In Theorem
3, the condition (17) is related with consensus performance
while the condition (18) comes from the requirement of the /-
I constraint.

Remark 5: In comparison with the co-design based on linear
matrix inequalities in [22]-[25], the paper proposes a novel
cooperative framework under which the desired estimator and
controller parameters are, respectively, gained by the solution
of an algebraic matrix formula and a linear matrix inequality
in a recursive way. It is not difficult to see that, in the process
of estimator and controller design, some crucial features have
been embodied to reflect the complexity which comprise:
1) the time-varying system parameters (Ax, Bk, Ck, D, Ex, Fi,
Hy); 2) the dynamic trigger thresholds (internal dynamic
variable 0;x); 3) the fault estimation approach (the optimal
estimation (14) and (16) in the least-squares sense); and 4) the
distributed FTC mechanism (the compensation term

My 2 jen; aij(fj’ti - fi,ti ) in (8)).

IV. SIMULATION RESULTS

In this section, a simulation example is executed to illustrate
the validity of the presented method for the MAS (1) with
DETP. Consider corresponding parameters with

-0.45
-0.10 —0.73 -0.1cos(0.5k)
0.3

]’ Dk:[ 0.08 ] Fk:[ 0.125 ]

Ckz[ 1.05 0.1 ] Ekz[ 02 03 ]

[ 0.99 +0.05 cos(0.4k)
Ap =

By

1
0.25

sz[ 02 0.1 ] M, =1.

In the simulation, the finite horizon is [0,45]. Besides, we
choose the initial conditions xy ¢ =[0.1 0.117, x20=1[0.13
0.1517, x30=1[0.16 0.2017, x40 =1[0.19 0.25]7, x50 =[0.22
0.30]7. As shown in Fig. 1, consider five agents whose
topology is given by an undirected communication graph G
with the set of nodes V ={1,2,3,4,5} and the associated
adjacency matrix £ given as follows:
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Fig. 1. Communication topology among five agents.

[ -1 05 0 0 05]
05 -1 05 0 O
L= 0 05 -1 05 0
0O 0 05 -1 05
105 0 0 05 -1

The means are set as wuy;=0.1 and wz;=0.1. The
covariances are chosen as o7 ; = 0.1 and 073 ; = 0.4. In (4) and
(5), the threshold and the dynamic variable are given as
e1=€4=05, er=65=0.6, £3=0.7, 5(1) =6g =5(5) =1, and
6(3) = 63 = 2, respectively. The other parameters are chosen as
;=4 and p; =0.5 (i €{1,...,5}). The fault signals are created
as:

—0.1-0.025in(0.04k), k > 10
Jik= .
0, otherwise

where i belongs to {1,...,5}.

The simulation results are shown in Figs. 2—6. Fig. 2 depicts
the fault estimation signal for agents 1, 2, 4, 5. Therefore, it is
easy to see from Fig.2 that the designed fault estimation
method is applicable. The state trajectories of five agents are
depicted with the designed control scheme in Figs. 4-5. Fig. 3
shows the controlled outputs without and with FC for agents
1,2,4,5 One can obtain that the proposed FC scheme
performs quite well. Fig. 6 depicts the event-triggered release
instants under DETP. It should be pointed out that the
triggering instants are mainly focused on the time interval
[0,20]. The main reason should be that the consensus
performance of the addressed MAS cannot be achieved at the
beginning and hence their state trajectories need to be
dynamically adjusted. In this scenario, the condition
T(h},k,hl.z’k,é,-,k,si) >0 is easier to be satisfied and hence the
measurements and estimated faults need to be transmitted.
Surely, the number of information transmission and the update
times of protocols are significantly reduced.

V. CONCLUSIONS

The paper has proposed a novel consensus control frame-
work with fault-estimation-in-the-loop for the MASs under
DETP. For the sake of mitigating unnecessary data communi-
cations and improving the utilization of communication reso-
urces, DETP has been utilized by adding an auxiliary variable,
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Actual fault — — — — Estimated fault
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Fig. 2.  Actual fault and its estimation.
— — — Without FC With FC
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Fig. 3. The controlled output without FC and with FC.
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0 5 10 15 20 25 30 35 40 45
Time &

Fig. 4.  State trajectories x;; x of five agents.

0.8 —— Agent |
0.4 Agent 2

0.6} 021 —+— Agent 3
—«— Agent 4

0 : —s— Agent 5

5 10 15 20 25 30 35 40 45
Time k

Fig. 5.  State trajectories x; x of five agents.
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Fig. 6. Triggered instants of five agents.

where each agent transmits the measurement only when a
predetermined triggering function is satisfied. Besides, accor-
ding to utilizing the variance analysis and the Lyapunov
stability approaches, the predetermined consensus perform-
ance with the l-I constraint has been guaranteed. Further-
more, the desired estimator and controller gains have been
obtained in light of the solution to an algebraic matrix
equation and a linear matrix inequality in a recursive way,
respectively. At last, a simulation result has been provided to
verify the effectiveness of the proposed approach. Further
research topics include the extension of our results to more
general consensus issues with both communication protocols
and cyber-attacks [34]-[36].
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