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   Abstract—This  paper  considers  the  human-in-the-loop  leader-
following  consensus  control  problem  of  multi-agent  systems
(MASs) with unknown matched nonlinear functions and actuator
faults. It is assumed that a human operator controls the MASs via
sending  the  command signal  to  a  non-autonomous  leader  which
generates  the  desired  trajectory.  Moreover,  the  leader’s  input  is
nonzero  and  not  available  to  all  followers.  By  using  neural
networks and fault estimators to approximate unknown nonlinear
dynamics  and  identify  the  actuator  faults,  respectively,  the
neighborhood observer-based neural fault-tolerant controller with
dynamic coupling gains is designed. It is proved that the state of
each  follower  can  synchronize  with  the  leader’s  state  under  a
directed  graph  and  all  signals  in  the  closed-loop  system  are
guaranteed  to  be  cooperatively  uniformly  ultimately  bounded.
Finally,  simulation  results  are  presented  for  verifying  the
effectiveness of the proposed control method.
    Index Terms—Actuator  faults,  distributed  control,  human-in-the-
loop, neighborhood observer, nonlinear multi-agent systems (MASs).
  

I.  Introduction

IN  the  past  years,  the  consensus  control  problem  of  multi-
agent  systems  (MASs)  has  attracted  considerable  attention

due to its widespread applications such as synchronization of
autonomous  underwater  vehicles  (AUVs),  formation  control
of unmanned air vehicles (UAVs), and cooperative control of
traffic  vehicles  [1]–[4].  Generally,  the  consensus  control
problem  can  be  roughly  divided  into  two  categories:  the
leaderless  consensus  [5]–[8]  and  the  leader-following
consensus  [9]–[13].  The  leaderless  consensus  was  studied
in  [5]  for  a  class  of  heterogeneous  linear  MASs  with  a
predictive  event-triggered  mechanism.  Two  control  methods
for  the  leader-following  consensus  were  first  given  in  [9],
including  static  state  feedback  and  dynamic  output  feedback

control  methods.  In  [10],  a  robust  adaptive  controller  with
event-driven  mechanism  was  established  for  the  state
consensus  problem  of  linear  MASs  subject  to  external
disturbances.  However,  nonlinearity  is  ubiquitous  in  the  vast
majority  of  practical  control  systems.  In  response  to  this
problem,  neural  networks  and  fuzzy  logic  systems  were
introduced in [14]–[24]. For example, in [14], by using neural
networks to approximate the nonlinear dynamics, an adaptive
finite-time  control  protocol  was  presented  to  achieve  output
consensus  for  nonstrict  feedback  nonlinear  MASs  with
unknown  control  coefficients  and  output  dead  zones.  In  [15]
and  [16],  a  fuzzy  event-triggered  bipartite  containment
controller and a distributed fuzzy containment controller were
designed for nonlinear MASs.

In the era of artificial intelligence, MASs are expected to be
autonomous  in  practical  applications.  However,  plenty  of
accidents about autonomous systems have been reported. The
reliability  and  safety  of  real  systems  are  improved  under  a
human  operator’s  judgement  and  decision,  which  indicates
that the presence of the human element is important for some
safety-critical autonomous systems [25]. For instance, in order
to  ensure  that  UAVs can  achieve  leader-following  consensus
safely and successfully, the human operator can supervise the
entire team by utilizing the visual equipment connected to the
leader and all followers, and manipulate them to avoid certain
barriers through broadcasting commands to control the leader
directly.  Therefore,  the  leader  is  required  to  be  non-
autonomous.  Under  the  communication  graph  of  MASs,  all
followers autonomously synchronize with the trajectory of the
leader  via  the  distributed  protocol.  Recently,  studies  on
human-in-the-loop  control  for  MASs  have  been  rapidly
increasing [26]–[30]. In [26], for a class of human-in-the-loop
MASs  with  a  non-autonomous  leader,  a  novel  distributed
output feedback control strategy was developed to ensure that
the  states  of  all  followers  can  synchronize  with  the  leader’s
state  using  only  the  relative  input-output  measurements.
Under  the  remote  operation,  the  information  transmission
between systems and humans was time-delayed, then authors
in  [27]  investigated  the  stability  of  a  class  of  linear  time-
invariant  human-in-the-loop  systems  in  time-domain  and
frequency-domain.  Similarly,  a  cooperative  controller  was
designed  in  [28]  to  achieve  the  goal  that  an  ensemble  of
kinematic  robots  asymptotically  synchronize  with  the
reference inputs through the interaction with human operator.

On  the  other  hand,  as  the  scale  of  control  systems  grow
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more  and  more  complex,  the  probability  of  actuator  faults
increases,  which may lead to  system instability.  Therefore,  it
is of great significance to investigate the fault-tolerant control
(FTC) problem for MASs subject to actuator faults [31]–[36].
In order to stabilize the closed-loop system, a fault estimation
module was constructed in [31] for compensating the effect of
actuator faults. In [32], an adaptive FTC protocol based on an
event-triggered mechanism was studied for a class of general
linear MASs with multiplicative actuator faults. By designing
a  continuous  robust  adaptive  FTC method  for  heterogeneous
fractional-order  MASs  in  [33],  the  problems  of  coupling
nonlinearities,  actuator  faults,  and external  disturbances  were
solved at the same time.

n

In  addition,  the  design  of  an  observer-based  controller  for
the  consensus  control  problem  is  of  great  importance  in  real
scenarios  [37]–[43].  In  [37],  based  on  the  local  and
neighborhood observers, two different kinds of neighborhood
controllers  were  constructed  to  achieve  the  state
synchronization  of  MASs.  For  an -dimensional  stochastic
time-delay  system  subject  to  unknown  control  direction,  a
novel  observer-based  neural  controller  was  put  forward  in
[38].  Furthermore,  the  objectives  of  [39]  were  to  design  a
reduced-order  observer-based  fuzzy  adaptive  bipartite
tracking control protocol for nonlinear MASs and achieve that
the  consensus  tracking  errors  converge  to  a  small
neighborhood  of  the  origin.  However,  the  neighborhood
observer-based  human-in-the-loop  consensus  control  has  not
been  fully  studied  for  general  nonlinear  MASs  with  actuator
faults.

Motivated  by  the  aforementioned  observations,  in  this
paper,  we  design  the  neighborhood  observer  and  the  neural
fault-tolerant  controller  with  adaptive  coupling  gains  to
investigate  the  human-in-the-loop  consensus  control  problem
for  nonlinear  MASs  with  actuator  faults.  The  main
contributions are given as follows:

1) The leader  of  the  nonlinear  MASs is  considered as  non-
autonomous,  whose  control  input  is  time-varying  and  is
provided  by  a  human  operator.  Furthermore,  the  restriction
assumption that  a  subset  of  followers  can access  the  leader’s
input in [44]–[46] is removed in this paper.

2) In  [37]  and  [47],  the  control  laws  with  static  coupling
strengths  were  designed.  Different  from  [37]  and  [47],  the
control  protocol  proposed  in  this  paper  achieves  the  leader-
following  consensus  via  adaptive  coupling  strengths  for
adjusting online.

3) Compared  with  [9]–[11],  the  observer-based  protocol
design  of  nonlinear  MASs  is  more  challenging,  because  the
separation  principle  is  noneffective  for  nonlinear  MASs
generally.  By  using  the  relative  information  of  neighboring
nodes,  the  neighborhood  observer  is  designed  for  nonlinear
MASs to obtain the consensus in this paper.

IN N
∥ · ∥ ∥ · ∥F

σ̄(·) σ(·)

diag{ᴊ1, . . . ,ᴊN} ᴊi
i i = 1, . . . ,N tr(·)

⊗

Notations:  denotes an identity matrix with dimension .
 is  the  Euclidean  norm  of  a  vector  and  is  the

Frobenius  norm of  a  matrix.  and  are  the  maximum
singular  value  and  the  minimum  singular  value  of  a  matrix,
respectively. Let  be a diagonal matrix and  is
the th diagonal element, where .  is the trace of
a  matrix.  The  Kronecker  product  is  denoted  by .  There  are

(Q⊗M)T = QT ⊗MT s(Q⊗M) = (sQ)⊗M = Q⊗ (sM)
(Q⊗M)(I⊗X) = (QI)⊗ (MX) Q,M,X,I

s 1 = [1,1, . . . ,1]T ∈ RN×1

some  properties  of  the  Kronecker  product,  such  as
, ,  and

,  where  are
matrices and  is a scalar. Let .
  

II.  Problem Formulation and Preliminaries
  

A.  Basic Graph Theory
N
G = (VG,EG)

VG = {n1, . . . ,nN} EG = {(ni,n j) ∈ VG×
VG} (ni,n j) ∈ EG i

j i
Ni = { j | (ni,n j) ∈ EG}

Λ = [ai j] ∈ RN×N

ai j = 1 (ni,n j) ∈ EG ai j = 0 (ni,n j) < EG
aii = 0

D = diag{d1, . . . ,dN}
di =

∑N
j=1 ai j i i = 1, . . . ,N

L = [li j] ∈ RN×N

L =D−Λ
ai j = a ji

ai j , a ji i = 1, . . . ,N j = 1, . . . ,N
G = diag{gi}

i = 1, . . . ,N gi > 0 i
gi = 0

The  information  exchange  among  followers  and  one
leader  is  given  by  a  directed  graph ,  with

 being  a  node  set  and 
 being  an  edge  set.  denotes  that  node  can

receive information from node . The neighbors set of agent 
is  viewed  as .  The  corresponding
adjacency matrix is denoted by  with weights

, if  and , if . We assume
that  and the communication graph is fixed, i.e,  the in-
degree  matrix  is  defined  as  with

 being in-degree of the th node, . The
graph  Laplacian  matrix  is  defined  as

,  which  depicts  the  connection  of  communication
graph.  The  graph  is  undirected  if ,  and  the  graph  is
directed  if ,  where  and .  The
leader  adjacency  matrix  is  defined  as  for  all

, where  if and only if the th agent can obtain
the information from the leader, otherwise .

G
q =

[
q1, . . . ,qN

]T
= (L+

G)−11 B = diag{τ1, . . . , τN} = diag{1/q1, . . . ,1/qN} H = B(L+
G)+ (L+G)T B (L+G) B H

Lemma 1  [37]  : The  directed  graph  has  a  spanning  tree
with  the  leader  as  the  root.  Define 

, , 
.  Then, ,  and  are positive definite

matrices.  

B.  System Formulation
N

i
Consider  the  nonlinear  MASs  consisting  of  identical

agents  and  one  leader,  and  the th  agent’s  dynamics  are
described by
 

ẋi = S xi+W[ui+ fi(xi)]+Dωi(t)
yi = Jxi, i = 1, . . . ,N (1)

xi = [xi1, . . . , xin]T ∈ Rn ui = [ui1, . . . ,uim]T

∈ Rm yi = [yi1, . . . ,yim]T ∈ Rm

i fi(xi) = [ fi1(xi), . . . ,
fim(xi)]T ∈ Rm ωi(t) = [ωi,1(t), . . . ,ωi,ι(t)]T ∈ Rι

i
S ∈ Rn×n

W ∈ Rn×m J ∈ Rm×n D ∈ Rn×ι

where  is  the  state, 
 is  the  control  input,  is  the

measurement  output  of  the th  agent. 
,  and  represent

the  unknown  matched  nonlinear  functions  and  the  actuator
faults  of  the th  follower,  respectively.  In  the  context  of
consensus  tracking  control  of  nonlinear  MASs, ,

,  and  are  known  constant
matrices.

The dynamics of the leader are given by
 

ẋ0 = S x0+Wu0
y0 = Jx0 (2)

x0 = [x01, . . . , x0n]T ∈ Rn y0 = [y01, . . . ,y0m]T ∈ Rm

u0 ∈ Rm

where  and 
are  the  state  and  the  measurement  output  of  the  leader.

 is an unknown bounded control input.

u0

Remark 1: According to [26], the human-in-the-loop control
method  requires  the  human  operator  to  control  the  leader
directly through control input  and influences each follower
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u0

indirectly.  More precisely,  all  followers  are  led by the leader
through  the  designed  controller  and  the  connectivity  of
network  topology  for  synchronization.  In  addition,  unlike
previous  works  [9],  [48]  on  the  synchronization  problem  for
linear MASs, the control input  of the leader is nonzero and
not available to all followers in this paper.

The following assumptions are given to facilitate analyzing
and designing.

∥ω(t)∥ ≤ ω1M
∥ω̇(t)∥ ≤ ω2M ω1M > 0 ω2M > 0

Assumption  1  [31]: Actuator  faults  satisfy ,
, where , .

(S ,W) (S , J)Assumption  2  [31]:  is  controllable  and  is
observable.

rank(W,D)
rank(W)

Im(W)
Im(D) Im(W)

Im(D) ⊆ Im(W) W̆ ∈ Rm×n

(In−WW̆)D = 0

Remark  2: From  [31],  Assumption  2  implies  =
.  Therefore,  the  actuator  faults  considered  in  this

paper  belong  to  the  actuation  space .  In  other  words,
actuation  space  is  contained  in  actuation  space ,
which  means ,  and  there  exists  such
that .

fi(xi)
Ξ∗Ti φi(xi)

Assumption  3  [49]: The  unknown  matched  nonlinear
functions  can  be  approximated  by  neural  networks

 as
 

fi(xi) = Ξ∗Ti φi(xi)+ ζi, ∀xi ∈ Z
Ξ∗i ∈ Rµ×m

∥Ξ∗i ∥ ≤ ΞiM ΞiM ζi
∥ζi∥ ≤ ζiM ζiM

Z ⊂ Rn φi(·) : Rn→ Rµ
µ

φi(xi) = [φi1(xi), . . . ,φiµ(xi)]T φi(xi)

where  is  an  ideal  constant  weight  matrix,  which
satisfies  and  is  a  positive  constant.  is  the
approximation  error  and ,  where  is  a  positive
constant.  is a sufficiently large domain. 
is a known vector with  being the number of neural network,
where  with  chosen  as  the
following Gaussian function:
 

φi(xi) = exp

−(xi−ϑi)T (xi−ϑi)
Φ2

i

 , i = 1, . . . ,µ

ϑi = [ϑi1, . . . ,ϑin]T ∥φi∥ ≤ φiM φiM

Φi

where  the  center  of  the  receptive  field  is  described  by
 and  satisfies  with  being  a

positive  constant.  The  width  of  the  Gaussian  function  is
denoted by .

i
i

The controller design for the th node is assumed to merely
use  the  relative  state  information  of  neighbors.  For  the th
agent, we define the synchronization errors and neighborhood
tracking errors as
 

δi = xi− x0

εi =

N∑
j=1

ai j(xi− x j)+gi(xi− x0), i = 1, . . . ,N.

δi(t0) i = 1, . . . ,N
Zi ⊂ RN {0} ⊂ Zi

Υi

ti(Υi, δ1(t0), . . . , δN(t0)) ∀δi(t0) ∈ Zi ∥δi(t)∥ ≤
Υi ∀t ≥ t0+ ti δi

Definition 1 [37]: For any  and , if there are
a  compact  set  with ,  a  constrain  and

,  such  that  and 
,  hold.  Then,  the  synchronization  error  is

called  as  cooperatively  uniformly  ultimately  bounded
(CUUB).

ui

The  control  objective  of  this  paper  is  to  design  the
distributed  adaptive  FTC  protocol  for  the  synchronization
errors converging to a small neighborhood of the origin.  

III.  Neighborhood Observer and Controller Design

The  neighborhood  observer  is  constructed  to  estimate  the
unmeasurable  states  of  the  dynamics  (1)  by  only  using  the

neighborhood  information  in  this  section.  Based  on  the
designed  neighborhood  observer,  the  adaptive  neural  FTC
protocol  is  also  proposed  by  using  the  neighborhood
information.

The  following  neural  networks  can  be  utilized  to
approximate the unknown nonlinear functions of the followers
dynamics:
 

f̂i(xi | Ξ̂i) = Ξ̂T
i φi(xi)

Ξ̂i Ξ∗iwhere  is the estimation of .
Define the optimal parameter vector as following form:

 

Ξ∗i = arg min
Ξ̂i∈Oi

{ sup
xi∈Πi

| f̂i(xi | Ξ̂i)− fi(xi)|}

Oi Πi Ξ̂i xiwhere  and  are  the  compact  sets  of  and ,
respectively.

The neighborhood state observer is designed as
 

˙̂xi = S x̂i+W
(
ui+Ξ̂

T
i φi(x̂i)

)
+ϱFei+Dω̂i(t)

ŷi = Jx̂i (3)
x̂i xi ŷi

ϱ ≥ 1
min

i=1,...,N
(qiλi)

λi i H ei

ei =∑N
j=1 ai j(ỹi− ỹ j)+giỹi i = 1, . . . ,N ỹi = yi− ŷi

ỹ j = y j− ŷ j i j
ω̂i(t) ωi(t) ui

F ∈ Rn×m

F = P−1
1 JT P1

where  is  the  estimation  of  state ,  is  the  output  of
observer,  denotes  an  observer  coupling  gain

with  being  the th eigenvalue of ,  and  is  the
neighborhood  output  estimation  error  given  by 

, ,  where  and
 are the output estimation errors of the th and th

followers, respectively.  is the estimation of .  will
be  designed  later.  means  an  observer  gain  matrix
and .  is  positive  definite  and  satisfies  the
following linear matrix inequality (LMI):
  P1S +S TP1+Q1− JT J ϖ

ϖT − Im

a

 ≤ 0 (4)

Q1 ϖ = JT−
P1W 0 < a ≤ amax

P1 amax

where  denotes  a  positive  definite  matrix  and 
.  is an adjustable parameter to guarantee that

there exists a positive definite solution of , where  is a
positive constant.

εiFrom  the  formula  of  neighborhood  tracking  error ,  the
neighborhood  estimation  error  is  defined  as  the  following
form:
 

ε̃i =

N∑
j=1

ai j
(
x̂i− x̂ j

)
+gi (x̂i− x0) . (5)

ui

By  using  the  relative  states  of  neighboring  nodes,  the
distributed  neural  adaptive  neighborhood  control  law  is
designed as
 

ui = uiα+uiβ−uiΞ−uiD (6)
uiα uiβ

uiΞ uiD

fi(xi) ωi(t)

where  is  the  nominal  linear  controller,  is  the  robust
term,  and  are  used  to  compensate  the  nonlinear
functions  and  actuator  faults ,  respectively.  By
using (5), they are designed as 
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uiα = α̂iKε̃i

uiβ = β̂i tanh
(

Kε̃i

ξ

)
uiΞ = Ξ̂

T
i φi(x̂i)

uiD = W̆Dω̂i(t)
ξ α̂i β̂iwhere  is  a  positive constant,  adaptive parameters  and 

are specified by the following update laws:
 

˙̂αi = Γαi
[
τi(di+gi)ε̃T

i P2WWTP2ε̃i−aαα̂i
]

(7)
 

˙̂βi = Γβi

[
τi(di+gi)ε̃T

i P2W tanh
(

WTP2ε̃i

ξ

)
−aββ̂i

]
(8)

Γαi Γβi aα aβ K ∈ Rm×n

K = −WTP2 P2

where , ,  and  are  positive  constants,  is
the  controller  gain  matrix  with ,  and  is  the
unique  positive  definite  solution  to  the  following  Riccati
equation:
 

S TP2+P2S +Q2−P2WWTP2 = 0 (9)
Q2where  is a positive definite matrix.

u0

uiβ

Remark  3: In  [44]–[46],  the  leader’s  control  input  is
contained in the controller design; hence, an assumption that a
subset  of  followers  are  aware  of  the  leader’s  input  is  made,
which  is  impractical  in  real  applications.  In  this  work,  we
remove  the  above  restricted  condition  by  the  fact  that  the
control input of the leader is neither zero nor available for any
follower.  For  this  case,  the  control  term  is  introduced  to
improve the robustness of the proposed scheme.

iBy using (6), the dynamics of the th node are rewritten as
 

ẋi = S xi+ α̂iWKε̃i+W
[
Ξ̃T

i φi (x̂i)+Ξ∗Ti (φi (xi)

−φi (x̂i))+ β̂i tanh
(

Kε̃i

ξ

)
+ ζi

]
+Dω̃i(t) (10)

Ξ̃i = Ξ
∗
i − Ξ̂i ω̃i(t) = ωi(t)− ω̂i(t)where  and .

x̂iSubstituting  (6)  into  (3),  the  observer  dynamics  of  are
expressed as
 

˙̂xi = S x̂i+ α̂iWKε̃i+ β̂iW tanh
(

Kε̃i

ξ

)
+ϱF

 N∑
j=1

ai j(ỹi− ỹ j)+giỹi

 . (11)

x̃i = xi− x̂i iLet  be  the  estimation  error  of  the th  follower
agent;  in  term  of  (10)  and  (11),  its  time  derivative  can  be
written as
 

˙̃xi = S x̃i+W
[
Ξ̃T

i φi (x̂i)+Ξ∗Ti (φi (xi)−φi (x̂i))

+ ζi
]
−ϱF

 N∑
j=1

ai j(ỹi− ỹ j)+giỹi

+Dω̃i(t). (12)

According  to  (12),  the  global  state  estimation  error
dynamics are rewritten as
 

˙̃x =
[
IN ⊗S −ϱ(L+G)⊗FJ

]
x̃+ (IN ⊗D)ω̃(t)+ (IN

⊗W)
[
Ξ̃Tφ(x̂)+Ξ∗T (φ(x)−φ(x̂))+ ζ

]
(13)

where
 

x̃ = [x̃T
1 , . . . , x̃

T
N]T , ω̃(t) = [ω̃T

1 (t), . . . , ω̃T
N(t)]T

Ξ̃ = diag{Ξ̃1, . . . , Ξ̃N}, Ξ∗ = diag{Ξ∗1, . . . ,Ξ∗N}

φ = [φT
1 , . . . ,φ

T
N]T , ζ = [ζT

1 , . . . , ζ
T
N]T .

The  dynamics  of  the  neighborhood  estimation  error  are
written as
 

˙̃ε = [(IN ⊗S )+ α̂(L+G)⊗WK] ε̃

+ β̂((L+G)⊗W) tanh
(

IN ⊗Kε̃
ξ

)
+

(
ϱ(L+G)2⊗FJ

)
x̃− ((L+G)⊗W)u0 (14)

ε̃ = [ε̃T
1 , . . . , ε̃

T
N]T α̂ = diag{α̂1, . . . , α̂N} β̂ = diag{β̂1, . . . ,

β̂N} u0 = 1u0

where , , 
, .

i

In  the  light  of  the  above  description,  the  block  diagram of
the  neighborhood  observer-based  neural  fault-tolerant
distributed controller for agent  is shown in Fig. 1.  

IV.  Stability Analysis

The stability analysis made in this section follows from the
aforementioned observer and controller design.

Theorem  1: Under  Assumptions  1–3  and  the  considered
directed graph contains a spanning tree, for MASs (1) and (2),
if the neighborhood state observer (3), the controller (6) with
the adaptive coupling strengths (7), (8) are designed well, and
the adaptive law is given by

 

Followers system

Leader system

Neighborhood
observer

J

Actuators

1

Faults

Human operator

ωi(t) = Γωi[τiRTyi − aωωi(t)]

uiD

uiβ

uiα

WTP2εiβi

αi

aββi

aααi

τiφi(xi)yi
T τiφi(xi)φi

T(xi)

ei

εi

aij(yi    yj) + giyi

aij(xi    xj) + gi(xi    x0)

xi

xi

yi

yi

yi

yi

x0

u0

j = 1

N

j = 1

N

a Iμ 

εi
T P2W tanh(           )

εi
T P2WW TP2εi

ui

i i i

τi(di + gi)

τi(di + gi)

ξΓβi

Γαi

Γ 2a
1

uiD = WDωi(t)]

uiβ

uiα αiKεi

Kεiβitanh

i
TφiD(xi)ui

(     )ξ

 
Fig. 1.     Block diagram of the control technique.
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˙̂Ξi = ΓΞi
[
τiφi (x̂i) ỹT

i

−
(
aΞIµ+

1
2a
τiφi (x̂i)φT

i (x̂i)
)
Ξ̂i

]
(15)

ΓΞi aΞ τi
i = 1, . . . ,N

x̃
ε̃

δ limt→∞ ∥x̃∥ ≤ η1

limt→∞ ∥ε̃∥ ≤ η2 limt→∞ ∥δ∥ ≤ η3 δ = [δT
1 , . . . , δ

T
N]T

η1 η2 η3

where  and  are both positive constants, and  is defined
in Lemma 1, .  Then,  all  signals  in  the closed-loop
system  are  CUUB,  and  the  state  estimate  error ,  the
neighborhood  estimation  error ,  and  the  synchronization
error  satisfy  the  following  inequalities: ,

,  and ,  where 
and , ,  are positive constants.

Proof: Construct the candidate Lyapunov function as
 

V1 =
1
2

x̃T (B⊗P1)x̃+
1
2

tr(Ξ̃TΓ−1
Ξ Ξ̃)

+
1
2

N∑
i=1

ω̃T
i (t)Γ−1

ωi ω̃i(t)

ΓΞ = diag{ΓΞ1, . . . ,ΓΞN} ΓΞi > 0 Γωi > 0 i = 1, . . . ,
N V1

where ,  and , 
. From (13), the time derivative of  is written as

 

V̇1 =
1
2

x̃T
[
B⊗

(
S TP1+P1S

)
−ϱH⊗ JT J

]
x̃

+ x̃T (B⊗P1D) ω̃(t)+ tr
(
Ξ̃TΓ−1

Ξ
˙̃Ξ
)

+ x̃T (B⊗P1W)
[
Ξ̃Tφ(x̂)+Ξ∗T (φ(x)

−φ(x̂))+ ζ
]
+

N∑
i=1

ω̃T
i (t)Γ−1

ωi
˙̃ωi(t) (16)

H ω̃i(t) = ωi(t)−
ω̂i(t) ˙̂ωi(t)
where  is  defined in Lemma 1.  According to 

, the adaptive law  is given as
 

˙̂ωi(t) = Γωi[τiRT ỹi−aωω̂i(t)] (17)
aω > 0 R ∈ Rm×ιwhere  is a design parameter and .

Substituting (17) into (16) obtains
 

V̇1 =
1
2

x̃T
[
B⊗

(
S TP1+P1S

)
−ϱH⊗ JT J

]
x̃

+ x̃T (B⊗P1D) ω̃(t)+ tr
(
Ξ̃TΓ−1

Ξ
˙̃Ξ
)

+ x̃T (B⊗P1W)
[
Ξ̃Tφ(x̂)+Ξ∗T (φ(x)

−φ(x̂))+ ζ
]− x̃T

(
B⊗ JTR

)
ω̃(t)

+

N∑
i=1

ω̃T
i (t)Γ−1

ωi ω̇i(t)+
N∑

i=1

aωω̃T
i (t)ω̂i(t). (18)

In  order  to  compensate  the  effect  of  actuator  faults,  the
following equation is required.
 

P1D = JTR. (19)
As  we  know,  it  is  hard  to  solve  equation  constraints  in

MATLAB  LMI  toolbox,  hence  (19)  is  changed  into  the
following condition:
 

(P1D− JTR)T (P1D− JTR) < h̄I (20)
h̄ > 0where  is  a  design  parameter.  By  Schur  complement

lemma, condition (20) can be rewritten as
 [

−h̄I (P1D− JTR)T

∗ −I

]
< 0. (21)

FThus,  the  solution  of  the  observer  coupling  gain  can  be

changed into the following optimization problem:
 

min ℓ > 0, h̄ > 0
s. t. LMIs (4), (21), with P1 > 0

ℓ = 1/awhere .
Substituting (19) into (18) yields

 

V̇1 =
1
2

x̃T
[
B⊗

(
S TP1+P1S

)
−ϱH⊗ JT J

]
x̃

− tr
(
Ξ̃TΓ−1

Ξ
˙̂Ξ
)
+

N∑
i=1

ω̃T
i (t)Γ−1

ωi ω̇i(t)

+ x̃T (B⊗P1W)
[
Ξ̃Tφ(x̂)+Ξ∗T (φ(x)

−φ(x̂))+ ζ
]
+

N∑
i=1

aωω̃T
i (t)ω̂i(t). (22)

Substituting the adaptive law (15) into (22) gets
 

V̇1 =
1
2

x̃T
[
B⊗

(
S TP1+P1S

)
−ϱH⊗ JT J

]
x̃

+ x̃T (B⊗P1W)
[
Ξ̃Tφ(x̂)+Ξ∗T (φ(x)

−φ(x̂))+ ζ
]− x̃T

(
B⊗ JT

)
Ξ̃Tφ(x̂)

+aΞtr(Ξ̃T Ξ̂)+
1

2a

N∑
i=1

τiφ
T
i (x̂i)Ξ̂iΞ̃

T
i φi(x̂i)

+

N∑
i=1

ω̃T
i (t)Γ−1

ωi ω̇i(t)+
N∑

i=1

aωω̃T
i (t)ω̂i(t)

=
1
2

x̃T
[
B⊗

(
S TP1+P1S

)
−ϱH⊗ JT J

]
x̃

+ x̃T (B⊗P1W)
[
Ξ∗T (φ(x)−φ(x̂))+ ζ

]
+aΞtr(Ξ̃T Ξ̂)− x̃T (B⊗ϖ) Ξ̃Tφ(x̂)

+

N∑
i=1

ω̃T
i (t)Γ−1

ωi ω̇i(t)+
N∑

i=1

aωω̃T
i (t)ω̂i(t)

+
1

2a

N∑
i=1

τiφ
T
i (x̂i)Ξ̂iΞ̃

T
i φi(x̂i).

Using Young’s inequality has
 

N∑
i=1

−τi x̃T
i ϖΞ̃

T
i φi(x̂i)

≤
N∑

i=1

τi

2a
φT

i (x̂i)Ξ̃iΞ̃
T
i φi(x̂i)+

N∑
i=1

τia
2

x̃T
i ϖϖ

T x̃i. (23)

V1Substituting  (23)  into  the  derivative  of ,  the  following
inequality holds
 

V̇1 ≤
1
2

x̃T
[
B⊗

(
S TP1+P1S +aϖϖT

)
−ϱH⊗ JT J

]
x̃+aΞtr(Ξ̃T Ξ̂)

+ x̃T (B⊗P1W)
[
Ξ∗T (φ(x)−φ(x̂))+ ζ

]
+

N∑
i=1

ω̃T
i (t)Γ−1

ωi ω̇i(t)+
N∑

i=1

aωω̃T
i (t)ω̂i(t)

+

N∑
i=1

1
2a
τiφ

T
i (x̂i)Ξ∗i Ξ̃

T
i φi(x̂i). (24)
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ψT Hψ = diag{λ1, . . . ,λN}
x̃ = (ψ⊗ In)ς ψ ∈ RN×N

ς = [ςT
1 , . . . , ς

T
N]T

Introducing  and  a  state
transformation  with  being  an  unitary
matrix and , (24) can be rewritten as
 

V̇1 ≤
1
2

N∑
i=1

τiς
T
i

[
S TP1+P1S +aϖϖT

−ϱqiλiJT J
]
ςi+aΞtr(Ξ̃T Ξ̂)

+ x̃T (B⊗P1W)
[
Ξ∗T (φ(x)−φ(x̂))+ ζ

]
+

N∑
i=1

ω̃T
i (t)Γ−1

ωi ω̇i(t)+
N∑

i=1

aωω̃T
i (t)ω̂i(t)

+

N∑
i=1

1
2a
τiφ

T
i (x̂i)Ξ∗i Ξ̃

T
i φi(x̂i).

S TP1+P1S +aϖϖT − JT J+
Q1 ≤ 0

According  to  (4),  we  have 
, then it yields

 

V̇1 ≤ −
1
2

x̃T (B⊗Q1) x̃+aΞtr(Ξ̃T Ξ̂)

+ x̃T (B⊗P1W)
[
Ξ∗T (φ(x)−φ(x̂))+ ζ

]
+

N∑
i=1

ω̃T
i (t)Γ−1

ωi ω̇i(t)+
N∑

i=1

aωω̃T
i (t)ω̂i(t)

+

N∑
i=1

1
2a
τiφ

T
i (x̂i)Ξ∗i Ξ̃

T
i φi(x̂i) (25)

ωi(t) ω̇i(t) Ξ∗i ζi φi(xi) φi(x̂i)
ρM ∥Ξ∗T (φ(x)−φ(x̂))+

ζ∥ ≤ ρM

where , , , , ,  and  are  bounded  and
there exists a positive constant  such that 

. Then, one gets the following inequalities:
 

aωω̃T (t)ω̂(t) ≤ aω∥ω̃(t)∥ω1M −aω∥ω̃(t)∥2 (26)
 

ω̃T (t)Γ−1
ω ω̇(t) ≤ ∥ω̃(t)∥σ̄(Γ−1

ω )ω2M (27)
 

φT (x̂)Ξ∗Ξ̃Tφ(x̂) ≤ φ2
M∥Ξ̃∥FΞM (28)

 

aΞtr(Ξ̃T Ξ̂) ≤ aΞ∥Ξ̃∥FΞM −aΞ∥Ξ̃∥2F (29)
φM ΞM =maxi=1,...,N(ΞiM)where  is a positive constant and .

Substituting (26)–(29) into (25) obtains
 

V̇1 ≤ −
1
2

min
i=1,...,N

(τi)σ(Q1)∥x̃∥2−aΞ∥Ξ̃∥2F

+

aΞΞM +

max
i=1,...,N

(τi)φ2
MΞM

2a

∥Ξ̃∥F
+ σ̄(B)σ̄(P1W)ρM∥x̃∥−aω∥ω̃(t)∥2

+
(
aωω1M + σ̄(Γ−1

ω )ω2M
)
∥ω̃(t)∥. (30)

Equation (30) can be rewritten as
 

V̇1 ≤ − z1

(
∥x̃∥− v1

z1

)2

−aΞ

(
∥Ξ̃∥F −

v2

aΞ

)2

−aω

(
∥ω̃(t)∥− v3

aω

)2

+Ω1 (31)

where
 

z1 =
1
2

min
i=1,...,N

(τi)σ(Q1)

v1 = σ̄(B)σ̄(P1W)ρM

v2 = aΞΞM +

max
i=1,...,N

(τi)φ2
MΞM

2a

v3 = aωω1M + σ̄(Γ−1
ω )ω2M

Ω1 =
v2

1

z1
+

v2
2

aΞ
+

v2
3

aω
.

V̇1 < 0 ∥x̃∥ > v1/z1+
√
Ω1/z1

∥Ξ̃∥F > v2/aΞ+
√
Ω1/aΞ ∥ω̃(t)∥ > v3/aω+

√
Ω1/aω

x̃ Ξ̃ ω̃ x̃
η1 = v1/z1+

√
Ω1/z1

It follows from (31) that  if , or
,  or .  As  a

result, ,  and  are CUUB and the bound of  is defined as
.

Consider another Lyapunov function candidate
 

V2 =
1
2
ε̃T (B⊗P2) ε̃+

N∑
i=1

[
(αM − α̂i)2

2Γαi
+

(βM − β̂i)2

2Γβi

]
αM αMqiλi ≥ 1 βMwhere  satisfies  and  is a positive constant.

ε̃i
V2

Recalling the dynamics of neighborhood estimation error 
(14), the time derivative of  is written as
 

V̇2 =
1
2
ε̃T

[
B⊗

(
P2S +S TP2

)
−α̂H⊗

(
P2WWTP2

)]
ε̃+ ε̃T [β̂B(L+G)

⊗P2W] tanh

−
(
IN ⊗WTP2

)
ε̃

ξ


+ ε̃T [ϱB(L+G)2⊗P2FJ]x̃

− ε̃T [B(L+G)⊗P2W]u0

−
N∑

i=1

 (αM − α̂i) ˙̂αi

Γαi
+

(βM − β̂i) ˙̂βi

Γβi

 . (32)

Substituting the adaptive laws (7) and (8) into (32) yields
 

V̇2 =
1
2
ε̃T

[
B⊗

(
P2S +S TP2

)
−αMH

⊗
(
P2WWTP2

)]
ε̃+ ε̃T [βM B(L+G)

⊗P2W] tanh

−
(
IN ⊗WTP2

)
ε̃

ξ


+ ε̃T [ϱB(L+G)2⊗P2FJ]x̃+

N∑
i=1

aαα̃iα̂i

− ε̃T [B(L+G)⊗P2W]u0+

N∑
i=1

aββ̃iβ̂i (33)

α̃i = αM − α̂i β̃i = βM − β̂i α̃ = diag{α̃1, . . . , α̃N} β̃ =

diag{β̃1, . . . , β̃N}
where , , , 

.
Equation (33) can be rewritten as
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V̇2 =
1
2
ε̃T

[
B⊗

(
P2S +S TP2

)
−αMH

⊗
(
P2WWTP2

)]
ε̃+

N∑
i=1

aαα̃iα̂i+

N∑
i=1

aββ̃iβ̂i

+

N∑
i=1

βMσ̄(B(L+G))ε̃T
i P2W tanh

(
−WTP2ε̃i

ξ

)
+ ε̃T [ϱB(L+G)2⊗P2FJ]x̃

− ε̃T (B(L+G)⊗ In)(IN ⊗P2W)u0 (34)
∥u0∥ ≤ βM . |χ| −χ tanh(χ/γ) ≤ 0.2785γ γ >

0
where  Using  with 
, one has

 

−ε̃T (B(L+G)⊗ In)(IN ⊗P2W)u0

≤
N∑

i=1

βMσ̄(B(L+G))∥WTP2ε̃i∥1

≤ −
N∑

i=1

βMσ̄(B(L+G))ε̃T
i P2W tanh

(
−WTP2ε̃i

ξ

)
+0.2785βMσ̄(B(L+G))ξN. (35)

Substituting (35) into (34) yields
 

V̇2 ≤
1
2
ε̃T

[
B⊗

(
P2S +S TP2

)
−αMH

⊗
(
P2WWTP2

)]
ε̃+ ε̃T [ϱB(L+G)2

⊗P2FJ]x̃+
N∑

i=1

aαα̃iα̂i+

N∑
i=1

aββ̃iβ̂i

+0.2785βMσ̄(B(L+G))ξN. (36)
ψT Hψ = diag{λ1, . . . ,λN}

ε̃ = (ψ⊗ In)κ κ = [κT
1 , . . . , κ

T
N]T

Together  with  and  a  state
transformation ,  where ,  (36)  is
rewritten as
 

V̇2 ≤
1
2
κT

[
B⊗

(
P2S +S TP2

)
−αMψ

T Hψ⊗
(
P2WWTP2

)]
κ+

N∑
i=1

aαα̃iα̂i

+ ε̃T [ϱB(L+G)2⊗P2FJ]x̃+
N∑

i=1

aββ̃iβ̂i

+0.2785βMσ̄(B(L+G))ξN

≤ 1
2

N∑
i=1

τiκ
T
i

(
P2S +S TP2

−αMλiqiP2WWTP2
)
κi+

N∑
i=1

aαα̃iα̂i

+ ε̃T [ϱB(L+G)2⊗P2FJ]x̃

+

N∑
i=1

aββ̃iβ̂i+0.2785βMσ̄(B(L+G))ξN.

Using the Riccati equation (9) obtains

 

V̇2 ≤−
1
2

N∑
i=1

(τiκ
T
i Q2κi)+

N∑
i=1

aαα̃iα̂i+

N∑
i=1

aββ̃iβ̂i

+ ε̃T [ϱB(L+G)2⊗P2FJ]x̃

+0.2785βMσ̄(B(L+G))ξN

≤− 1
2

min
i=1,...,N

(τi)σ(Q2)∥ε̃∥2+
N∑

i=1

aαα̃iα̂i

+ ∥ε̃∥ϱσ̄(B(L+G)2)σ̄(P2FJ)∥x̃∥

+

N∑
i=1

aββ̃iβ̂i+0.2785βMσ̄(B(L+G))ξN (37)

where
 

N∑
i=1

aαα̃iα̂i ≤ −aα∥α̃∥2F +NaααM∥α̃∥F (38)

 

N∑
i=1

aββ̃iβ̂i ≤ −aβ∥β̃∥2F +NaββM∥β̃∥F . (39)

Substituting (38)–(39) into (37) yields
 

V̇2 ≤ −
1
2

min
i=1,...,N

(τi)σ(Q2)∥ε̃∥2−aα∥α̃∥2F

+0.2785βMσ̄(B(L+G))ξN −aβ∥β̃∥2F

+ ∥ε̃∥ϱσ̄(B(L+G)2)σ̄(P2FJ)∥x̃∥

+NaααM∥α̃∥F +NaββM∥β̃∥F . (40)
Then, from (40), one gets

 

V̇2 ≤ − z2

(
∥ε̃∥− v4

z2

)2

−aα

(
∥α̃∥F −

v5

aα

)2

−aβ

(
∥β̃∥F −

v6

aβ

)2

+Ω2

where
 

z2 =
1
2

min
i=1,...,N

(τi)σ(Q2)

v4 = ϱσ̄(B(L+G)2)σ̄(P2FJ)η1

v5 = NaααM

v6 = NaββM

Ω2 =
v2

4

z2
+

v2
5

aα
+

v2
6

aβ
+0.2785βMσ̄(B(L+G))ξN.

∥ε̃∥ > v4/z2+
√
Ω2/z2 ∥α̃∥F > v5/aα+

√
Ω2/aα

∥β̃∥F > v6/aβ+
√
Ω2/aβ V̇2 < 0 ε̃ α̃

β̃ ε̃

Note that , or ,
or  renders .  As  a  result, , 
and  are CUUB, and  is bounded by
 

η2 =
v4

z2
+

√
Ω2

z2
.

∥δ∥ = ∥x−1⊗ x0∥ = ∥x− x̂+ x̂−1⊗ x0∥ ≤ ∥x̃∥+
∥δ̃∥ ≤ ∥x̃∥+ ∥ε̃∥

σ(L+G) δ̃ = x̂−1⊗ x0 δ̃ = [δ̃T
1 , . . . ,

δ̃T
N]T x̂ = [x̂T

1 , . . . , x̂
T
N]T δ

δ

According  to 
,  where  and 

, . Therefore,  is CUUB and the bound
of  is taken as 
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η3 = η1+
η2

σ(L+G)
.

■  

V.  Simulation Example

1 5 0

A  numerical  simulation  is  given  to  demonstrate  the
effectiveness  of  the  designed  controller  by  considering  a
harmonic  oscillator.  We  consider  a  group  of  five  followers
indexed  by  to  and  one  leader  indexed  by  with  agent
dynamics described by
  ẋi1

ẋi2

 =  0 1
−1 0

  xi1

xi2


+

 0
1

 (ui+ fi(xi))+
 0

1

ωi(t)

yi =
[

2 1
]  xi1

xi2


 ẋ01

ẋ02

 =  0 1
−1 0

  x01

x02

+  0
1

u0(t)

y0 =
[

2 1
]  x01

x02


fi(xi) = xi1 sin2(xi2) i = 1,2,3,4,5where , ,  and  the  actuator

faults are given as
 

ω1(t) =

 0, 0 ≤ t < 15

5+25cos(0.5πt), t ≥ 15

ω3(t) =

 0, 0 ≤ t < 20

25+25cos(0.5πt), t ≥ 20

ω5(t) =

 0, 0 ≤ t < 30

50+25cos(0.5πt), t ≥ 30

ω2(t) = ω4(t) = 0.

u0(t)

The  directed  communication  graph  containing  five
followers and one leader is shown in Fig. 2. Next, the leader’s
input  is considered as
 

u0(t) =


sin2(t), 0 ≤ t < 15

sin(t)cos(t), 15 ≤ t < 30

cos2(t), 30 ≤ t ≤ 60.

(41)

 
0 1 2

3 4 5
 
Fig. 2.     Communication graph for the followers and leader.
 

u0(t)
Moreover, it needs to be emphasized that the leader’s input

 is  not  available  to  any  follower  and  is  provided  by  the
human  operator.  According  to Fig. 2,  the  leader  adjacency

G = diag{1,0,0,0,0} Λ
L

matrix is , the adjacency matrix  and the
Laplacian matrix  are given as
 

Λ =



0 1 0 0 0
1 0 0 0 0
1 1 0 1 0
0 0 1 0 0
0 0 0 1 0



L =



1 −1 0 0 0
−1 1 0 0 0
−1 −1 3 −1 0
0 0 −1 1 0
0 0 0 −1 1


.

amax = 0.2912 h̄min = 3
R = −0.1400

From (4),  (9)  and  (21),  we  obtain , ,
 and

 

P1 =

[
1.9604 −0.5518
−0.5518 0.4036

]
P2 =

[
1.0934 0.2247
0.2247 0.9744

]
F =

[
2.7916 6.2938

]T

K =
[

0.2214 −1.0773
]
.

aΞ = 0.1 aα = 0.0015
aβ = 0.5 aω = 0.001 ΓΞ1 = ΓΞ2 = ΓΞ3 = ΓΞ4 = ΓΞ5 = 100
Γα1 = Γα2 = Γα3 = Γα4 = Γα5 = 1000 Γβ1 = Γβ2 = Γβ3 = Γβ4 =

Γβ5 = 500 Γω1 = Γω2 = Γω3 = Γω4 = Γω5 = 300

α̂ β̂

α̂ β̂

The correlative design parameters are , ,
, , ,

, 
,  and . Fig. 3 (a)

and Fig. 4 (a) imply the state tracking trajectories of followers
under  the  adaptive  output  feedback  fault-tolerant  controller.
Besides, in order to show the effectiveness of the fault-tolerant
controller,  the  state  tracking  trajectories  of  followers  without
FTC are given in Fig. 3 (b) and Fig. 4 (b) for comparison. The
trajectories  of  consensus  errors  are  shown  in Fig. 5,  which
depicts  the  tracking  result  more  clearly. Fig. 6 shows  the
observing errors for revealing that the unmeasurable states are
efficiently  observed  by  the  neighborhood  state  observer.  The
coupling  strengths  and  are  shown  in Fig. 7,  which
illustrates  that  and  will  finally  converge  to  some  bound
values.  In  addition,  the  effectiveness  of  fault  estimations  is
shown  in Fig. 8.  The  control  inputs  of  all  followers  are
depicted in Fig. 9. The simulation results for nonlinear MASs
are  shown  in Figs. 3–9,  from  which  we  can  clearly  find  that
the neighborhood observer-based neural  fault-tolerant  control
protocol with adaptive gains can simultaneously guarantee the
leader-following consensus of the MASs and all signals in the
closed-loop system are CUUB.

u0

u0

Remark 4: In practical applications, for example, the leader-
following consensus control of UAVs, the safety problem and
tracking performance should be  considered at  the  same time.
The adaptive distributed controller is developed to ensure that
the  states  of  all  followers  can  track  the  leader  state.  The
human  operator  can  adjust  the  trajectory  of  the  entire  team
through changing the leader’s control input  to fulfill  some
complex  tasks  like  multi-obstacles  avoidance  and  collision
avoidance  with  being  a  time-varying  piecewise  function
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given  in  (41).  From Figs. 3 and 4,  we  can  see  that  the  state
trajectories  of  all  agents  are  changed in 15 s  and 30 s  due to

u0the different .
  

VI.  Conclusion

The  human-in-the-loop  leader-following  cooperative
tracking  control  problem has  been  investigated  for  a  class  of
nonlinear  MASs  subject  to  actuator  faults.  It  has  been
assumed that the human operator manipulates the entire team
through  sending  the  control  signal  to  the  non-autonomous
leader  whose  input  is  not  available  to  all  followers.  Each
follower  has  synchronized  with  the  leader  autonomously
based  on  the  directed  connected  graph.  The  unknown
nonlinear  functions  have  been  approximated  by  neural
networks  and  the  actuator  faults  have  been  identified  by  the
fault  estimators.  By  designing  the  state  observer  only  using
the  neighborhood  information  among  all  agents,  the
neighborhood  observer-based  adaptive  fault-tolerant  distri-
buted  controller  with  dynamic  coupling  gains  has  been
established.  It  has  been  shown  that  all  signals  in  the  closed-
loop  system  are  guaranteed  to  be  CUUB.  The  numerical
example  has  been  given  to  verify  the  effectiveness  of  the
developed  control  method.  Future  research  efforts  will  be
devoted  to  considering  the  event-triggered  mechanism  and
extending  the  results  to  the  formation  control  of  UAVs  with
time delays [50]–[54].
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