
This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

IEEE TRANSACTIONS ON CYBERNETICS 1

Fault-Tolerant Cooperative Control for Multiple
Vehicle Systems Based on Topology

Reconfiguration
Huiliao Yang, Member, IEEE, Bin Jiang , Fellow, IEEE,

Hao Yang , Senior Member, IEEE, and Hugh H. T. Liu , Member, IEEE

Abstract—In this article, the fault-tolerant synchronization and
time-varying tracking control problem is investigated for non-
linear multivehicle systems (MVSs) in the presence of partial
loss-of-control-effectiveness (LoCE) faults. Based on the graph
theory, a two-level fault-tolerant cooperative control framework
is proposed, namely, the low-level distributed nominal control
scheme and the high-level topology reconfiguration protocols.
The low-level scheme is developed to guarantee system perfor-
mances in the fault-free scenario. With the low-level scheme, the
high-level topology reconfiguration protocols, each of which cor-
responds to one partial LoCE fault scenario, are then proposed
to mitigate the fault impact by adjusting the underlying topol-
ogy. Accordingly, without modifying the structure or the design
parameter of the low-level control scheme, the proposed frame-
work can guarantee the synchronization and tracking errors of
the MVS asymptotically convergent to zero in both fault-free
and fault scenarios. Finally, the effectiveness of the proposed
control method is verified via a simulation study of three
degree-of-freedom helicopters.

Index Terms—Attitude synchronization, fault-tolerant control,
multivehicle system (MVS), topology reconfiguration.

I. INTRODUCTION

MULTIVEHICLE systems (MVSs) have drawn increas-
ing attention for their promising potential in a variety

of applications, such as environment monitoring, surveillance,
rescue, and target tracking [1]. For successful implementation
of MVSs, attitude alignment is a non-negligible research topic.
Several control strategies [2]–[9] are proposed to synchronize
the attitudes of the MVS.
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For the synchronization of the MVS, when actuator faults
occur on any vehicle, both the faulty vehicle and its neighbors
might be subject to performance degradation or even instabil-
ity. If not addressed properly, the actuator fault impact would
be propagated to the entire MVS, thereby resulting in even
worse effects. Therefore, the research on fault-tolerant con-
trol schemes for MVSs is of necessity and significance. Along
this topic, there already exists some literature. In [10] and [11],
multilevel hierarchical frameworks are employed for the fault-
tolerant cooperative control (FTCC) of linear MVSs with loss-
of-control-effectiveness (LoCE) faults by using absolute and
relative measurements, respectively. A similar framework is
adopted in [12] to address the optimal fault recovery for linear
time-invariant (LTI) MVSs. Semidecentralized optimal con-
trol strategy [13], fault compensation schemes based on fault
diagnosis or estimation [14]–[18], and the decentralized adap-
tive fuzzy approximation method [19] are several alternatives
for fault-tolerant control of linear MVSs. The robust adap-
tive control-based fault-tolerant control methodologies in [20]
and [21] are developed for nonlinear second-order MVSs.
Notably, all the aforementioned publications are developed
from the fundamental fault-tolerant control technologies for
individual systems. The fault-tolerant control objective is
achieved by either reconfiguring controllers with accurate
fault detection mechanisms or utilizing strongly robust control
methodologies. It may lead to the equipment of complicated
control mechanisms for implementation. Alternatively, we may
wonder if fault-tolerant control strategies could be designed by
utilizing unique features of MVSs.

As the most distinct property of multiple systems com-
pared with the individual one, the topology of an MVS reflects
the relations of vehicles [22]. Topology/formation reconfigu-
ration algorithms have been proposed to withstand noise [23],
improve system controllability [24], plan vehicle motion [25],
and solve task assignment problems [26], [27] for MVSs.
It is found that the common operations of reconfiguring or
adjusting a topology include leader selection [23], weight
adjustment [24], edge swapping [27], etc.

In light of these results, taking full advantage of topology
should be a promising potential solution to the fault-tolerant
control problem for MVSs [28]. Specifically, it presents a
possibility to handle actuator faults of the MVS, such as
partial LoCE faults by reconfiguring the topology/formation
rather than the structure or the design parameter of the control
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scheme. Along this orientation, few results have been obtained.
In [29], a neighboring rule-based linear cooperative protocol
is proposed for nonlinear MVSs to achieve the time-invariant
target aggregation mission. By adjusting some weights of the
cooperative protocol, the target point is reached even in the
presence of actuator faults. In [30], a cooperative actuator fault
accommodation strategy is proposed for LTI MVSs by recon-
figuring the weights of agents. The FTCC method based on
the plugging operations is proposed in [31] for the consen-
sus of MVSs. In [32], vehicles with severe actuator faults are
forced to get out the team, and the remaining healthy robots
would be rearranged to complete the mission with performance
degradation. Due to the varieties of tasks and fault types, it
is difficult to provide a universal topology reconfiguration-
based FTCC framework for MVSs and, thus, the focused
fault-tolerant time-varying tracking control problem based on
topology reconfiguration deserves to be further investigated.

Motivated by the above analysis, this work investigates the
fault-tolerant synchronization and time-varying tracking con-
trol problem for the leader-following nonlinear MVS with
partial LoCE faults. To solve this problem, an integrated topol-
ogy reconfiguration-based FTCC framework, the diagram of
which is shown in Fig. 1, is proposed. The main contributions
of this article are summarized as follows.

1) The proposed integrated FTCC framework is hierarchi-
cal, and it consists of the low-level distributed nominal
control scheme and the high-level topology reconfigu-
ration protocols. The low-level scheme is developed by
utilizing the state-feedback control technique to guar-
antee system performance in the fault-free scenario.
Based on the low-level scheme, four high-level topol-
ogy reconfiguration protocols are proposed to ensure the
fault-tolerant ability of the MVS.

2) Each of the high-level topology reconfiguration pro-
tocols corresponds to one fault scenario. By purely
conducting topology adjustment operations, it can miti-
gate the impact of partial LoCE faults. Therefore, only
the underlying topology is adjusted by employing the
proposed FTCC framework, and the structure or the
design parameter of the nominal control scheme does
not need to be modified. All of these features make the
FTCC framework more implementation-friendly.

3) The theoretical condition that the connection weights
should satisfy is given for each topology reconfig-
uration protocol to guarantee system performance in
the corresponding fault scenario. By synthesizing these
conditions, the proposed FTCC framework can ensure
that the MVS achieves the attitude synchronization and
asymptotically tracks the time-varying reference signals
in various fault scenarios.

The remainder of this article is organized as follows.
Section II presents necessary mathematical preliminaries and
problem formulation. The low-level nominal control scheme
and the high-level topology reconfiguration protocols for dif-
ferent fault scenarios are developed in Sections III and IV
with rigorous stability analysis, respectively. Accordingly, the
integrated topology reconfiguration-based FTCC framework is
summarized in Section V. In Section VI, a simulation study on

Fig. 1. Hierarchical FTCC framework for the MVS.

three degree-of-freedom (3-DOF) helicopters with the consid-
eration of different fault cases is conducted. Some conclusions
are drawn in Section VII.

II. PRELIMINARIES

A. Notations

The following notations are used in this article. For a square
matrix A ∈ R

n×n, (A)n−w ∈ R
(n−w)×(n−w) represents its minor

matrix by removing the first w row–column pairs (1 ≤ w ≤
n − 1). For a nonempty set S and its subset L, S/L represents
a subset of S by removing the set L. For a square matrix
B ∈ R

n×n, λk{B}, λmin{B}, and λmax{B} represent the kth, the
minimal, and the maximum eigenvalues of B, respectively, with
k = 1, 2, . . . , n. Let In be an n × n identity matrix and 1n ∈ R

n

be a vector of all ones. The symbol ⊗ represents the Kroneker
product of matrices. N+ denotes the set of positive integers.

B. Graph Theory

In this work, an MVS is originally considered as an undi-
rected spanning tree. The undirected spanning tree G � [V, E]
consists of nodes V = {1, 2, . . . , n} and undirected arcs
E = {E1, . . . , Em}, where 1, 2, . . . , n represent the identi-
ties (IDs) of nodes. Each arc is a pair of nodes denoted
as [i, j] ∈ E which implies that nodes i and j can receive
information directly from each other. The neighbor set of node
i, denoted as Ni � {j ∈ V|[j, i] ∈ E}, consists of all the agents
directly connected to node i. In general, tree G is described
by a weighted adjacency matrix A = [aij], where the weight
aij represents the influence strength of node j on node i, and
aij > 0 if [i, j] ∈ E ; otherwise, aij = 0. Moreover, aii is
supposed to be 0 for all i ∈ V . The degree matrix of G is
denoted as D = diag{di}, where di = ∑

j∈Ni
aij. Therefore,

the Laplacian matrix is defined as L = D − A. An undirected
path from node 1 to node k in G is defined as a sequence
of arcs [1, 2], [2, 3], . . . , [(k − 1), k], where node s ∈ V and
arc [s, (s + 1)] ∈ E with s = 1, . . . , k − 1. In addition, the
directed arc (i, j) is defined, and it represents a unidirectional
connection from node i to node j, which implies j can receive
information from i. Then, the corresponding directed path is
defined similarly to the undirected one.

In terms of the undirected spanning tree of concern, one
node is selected as the single root of this tree. Accordingly, the
tree is divided into several layers in light of each node’s path
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Fig. 2. Example for the undirected spanning tree.

with respect to the root. The root, the ID of which is denoted
as 1, is the only node in the first layer. It is also considered as
the leader of this group. In the second layer, there are nodes
directly connected with the root. Furthermore, in the ath (a ∈
{N+/{1}}) layer, there are nodes which reach the root through
a − 1 arcs. They are also defined as the (a − 1)-neighbors of
the root. A node b (b ∈ V) in the ath layer represents the
father node of nodes in the (a + 1)th layer that can directly
receive the information from it. For example, as seen in Fig. 2,
node 3 is the father node of node 5 and node 6. Conversely, a
node d (d ∈ V) in the (a + 1)th layer that can directly receive
the information from b represents one of its child nodes. b is
denoted as Fa(d), and the set of its child nodes is denoted as
Ch(b). Each node except the root has a unique father node.
Furthermore, an assumption on the communication range for
the considered tree should be satisfied.

Assumption 1: For the considered undirected spanning tree
G, the largest achievable communication range is the distance
between node i and its farthest 2-neighbor node, where ∀i ∈ V .
Moreover, for each node in the fourth layer, it is always within
the communication range of a node in the third layer except
its own father node.

Remark 1: It is known that each node has a communication
range and cannot sense nodes outside of this range. For the
MVS, there always exists the largest achievable communica-
tion range between nodes. To provide more redundancy for
graph connectivity but not increase the communication bur-
den especially in fault scenarios, the assumption on the largest
achievable communication range guarantees that at least one
of the 2-neighbor nodes of the faulty vehicle would be within
its communication range. Meanwhile, the extra assumption
on the communication capability of each node in the fourth
layer is also made to ensure topology reconfiguration protocols
proposed later in Section IV executable.

C. Problem Formulation

The general affine nonlinear model of the ith vehicle is given
by [33]

{
ẋi(t) = vi(t)
v̇i(t) = f (xi) + g(xi)ui

(1)

where xi, vi ∈ R
N represent the position/attitude and its rate

of the ith vehicle with i = 1, . . . , n (n ≥ 3), respectively. The
control input vector is denoted as ui(·) ∈ R

m. f (xi) and g(xi)

are the known vector and invertible matrix with appropriate
dimensions, respectively.

Accordingly, the model of the entire MVS is described as
{

ẋ(t) = v(t)
v̇(t) = F(x) + G(x)U

(2)

where x = [xT
1 , . . . , xT

n ]T and v = [vT
1 , . . . , vT

n ]T are the
states of the MVS. F(x) = [f T(x1), . . . , f T(xn)]T, G(x) =
diag{g(x1), . . . , g(xn)}, and U = [uT

1 , . . . , uT
n ]T.

Suppose that partial LoCE faults occur on the ith vehicle’s
actuators, and then the model in (1) changes into the following
form:

{
ẋi(t) = vi(t)
v̇i(t) = f (xi) + g(xi)ρi(t)ui

(3)

where ρi = diag{ρi1, . . . , ρim} with 0 < ρik ≤ 1, i = 1, . . . , n
and k = 1, . . . , m. ρik indicates the remaining effectiveness of
the kth control signal of the ith vehicle. It is notable that if
the partial LoCE fault occurs on the kth control channel of the
ith vehicle at time instant tf and is detected at time instant td
(td > tf > 0), it should not jump into another mode during
the interval [tf , ts], where ts (ts > td) is another time instant
and ts − td should be sufficiently large.

Then, the model of the entire MVS in (2) is replaced by
the following description:

{
ẋ(t) = v(t)
v̇(t) = F(x) + G(x)�U

(4)

with � = diag{I(i−1)m, . . . , ρi, I(n−i)m} and i = 1, . . . , n.
In this work, each vehicle is required to track the reference

signals obtained by the following generator:
{

ẋr(t) = vr(t)
v̇r(t) = f (xr)

(5)

where xr, vr ∈ R
N are reference signals of states. Therefore,

the control objective is descried as follows.
Problem: Under the FTCC framework shown in Fig. 1,

design the nominal control scheme and the topology reconfig-
uration protocols for the MVS (4) considering partial LoCE
faults. As a result, for the reference signals xr and vr gener-
ated by (5), the synchronization errors xi − xj, vi − vj with
i ∈ V , j ∈ Ni and the tracking errors xi − xr, vi − vr with
i ∈ V can asymptotically converge to 0. Meanwhile, in both
the fault-free and fault scenarios, the nominal control scheme
can maintain the original structure and design parameter.

For the model of the ith vehicle shown in (1), denote f (xi) as
f (xi) = [f1(xi), . . . , fN(xi)]T, and then we have the following
assumption.

Assumption 2: For the system nonlinearity shown in (1), it
should satisfy the following Lipschitz condition:

|fk(xi) − fk(yi)| ≤ lik|xik − yik|
where xi, yi ∈ R

N , and xik, yik are their kth elements,
respectively, with k = 1, . . . , N. lik are constants with i =
1, . . . , n.

To proceed the development of the FTCC framework, the
following lemmas would be applied in our work.

Lemma 1 [34]: If Q and E are n × n symmetric matrices,
we have λmin{Q}+λmin{E} ≤ λi{S} ≤ λmax{Q}+λmax{E} with
S = Q + E and i = 1, . . . , n.
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Lemma 2 [35]: Let M denote an n × n (n ≥ 2) Hermitian
matrix whose entries are in the interval [a, b]. If a ≥ −|b|,
we have λmax{M} ≤ nb.

Overall, the investigated control problem prefers to be
solved by adjusting the topology of the MVS rather than mod-
ifying the structure or the design parameter of the nominal
control scheme like the conventional methods, such as [14].
It is notable that nonlinear MVSs with general forms instead
of the LTI ones [30] are studied. Furthermore, the faults con-
sidered are more common and of physical significance in real
applications compared with [29] and [31].

III. LOW-LEVEL NOMINAL CONTROL DESIGN

For the spanning tree G, generally, only the leading vehi-
cle has the access to the reference signals generated by (5).
Accordingly, the distributed nominal control scheme based on
the state-feedback control is developed as follows.

1) For the leading vehicle, the control law is designed as

u1 = g−1
i

⎛

⎝−c
∑

j∈N1

aij
((

x1 − xj
)+ (v1 − vj

))

− b1((x1 − xr) + (v1 − vr))

⎞

⎠ (6)

where c > 0 is a design parameter, and b1 satisfies b1 >

0 and is usually called the pinning gain [34].
2) For the following vehicle i (i ∈ {V/{1}}), the control

law is designed as:

ui = g−1
i

⎛

⎝−c
∑

j∈Ni

aij
((

xi − xj
)+ (vi − vj

))
⎞

⎠. (7)

According to Assumption 2, a positive gain p is defined as
follows:

p = max
1≤i≤n, 1≤k≤N

{(
lik + 0.5l2(1−σ)

ik

)
,
(

0.5l2σ
ik + 1

)}
(8)

with 0 ≤ σ ≤ 1. It is obvious that p ≥ 1, and this property
will be utilized in the stability analysis later soon.

Construct the following symmetric matrix:

H = cL − pIn (9)

where L ∈ R
n×n is the Laplacian matrix of the MVS. Let

B ∈ R
n×n = diag{b1, 0 . . . , 0} denote the pinning matrix, then

we have

H + B =
⎡

⎣
c
∑

j∈N1

a1j − p + b1 D

DT (H)n−1

⎤

⎦

where (H)n−1 = (cL − pIn)n−1. DT is a vector with proper
columns. Due to space limitations, the expression of DT is
omitted.

Then, the stability conditions of the MVS under the
developed nominal control laws are demonstrated in the
following theorem.

Theorem 1: For the MVS (4) with � = Inm, design the
topology as an undirected spanning tree and the control laws

as (6) and (7). If the design parameter c, the pinning gain b1,
and all the connection weights aij with i ∈ V , j ∈ Ni are set
to satisfy the following two conditions:

b1 > p − c
∑

j∈N1

a1j (10)

λmin
{
(L)n−1

}
>

(n − 1)maxj∈N1 a2
1j

∑
j∈N1

a1j + b1−p
c

+ p

c
(11)

then the states x and v of this system can asymptotically track
the reference signals xr and vr generated by (5), respectively.

Proof: Let x̃ = x−1n⊗xr and ṽ = v−1n⊗vr. With � = Inm,
the model of the entire MVS in (4) under the nominal control
laws (6) and (7) can be rewritten as follows:

⎧
⎨

⎩

˙̃x(t) = ṽ(t)
˙̃v(t) = −((cL + B) ⊗ IN)(x̃ + ṽ)

+ F(x) − 1n ⊗ f (xr).

Define the following matrix:

P =
[

2(cL + B) In

In In

]

.

1) Validity of P: First, we evaluate whether P is positive
definite, that is, P > 0. With the Schur complement, it can
be obtained that P > 0 is equivalent to cL + B − 0.5In > 0.
Condition (11) implies that cλmin{(L)n−1} − p > 0. By utiliz-
ing Lemma 1, we have λmin{(cL − pI)n−1} ≥ cλmin{(L)n−1}−
p > 0, which indicates that (H)n−1 > 0. In view of
conditions (10), (11) and the Schur complement, we have
cL − pIn + B > 0. Since p ≥ 1, it is proved that P > 0.

2) Stability: Let ỹ = [x̃T, ṽT]T. With the positive-definite
matrix P, we design the following Lyapunov candidate as V =
0.5ỹT(P ⊗ IN)ỹ.

Taking the time derivative of V yields

V̇ = x̃T(2(cL + B) ⊗ IN)ṽ + ṽTṽ

+
(

x̃T + ṽT
)
(−(cL + B) ⊗ IN)(x̃ + ṽ)

+
(

x̃T + ṽT
)
(F(x) − 1n ⊗ f (xr))

≤ x̃T((qIn − cL − B) ⊗ IN)x̃

+ ṽT((rIn − cL − B) ⊗ IN)ṽ

with

q = max
1≤i≤n, 1≤k≤N

{(
lik + 0.5l2(1−σ)

ik

)}

r = max
1≤i≤n, 1≤k≤N

{(
0.5l2σ

ik + 1
)}

.

It has been verified that cL − pIn + B > 0. Accordingly, it
is easy to conclude that qIn − cL − B < 0 and rIn − cL − B <

0. Thus, we have V̇ ≤ 0 and V̇ = 0 if and only if x̃ = 0
and ṽ = 0. Based on LaSalle’s invariant principle [36], it
is further obtained that V → 0 as t → ∞, that is, ‖x̃‖ →
0 and ‖ṽ‖ → 0 as t → ∞. Therefore, the considered MVS
can globally asymptotically track the reference signals in a
synchronized way. This completes the proof.

From the above proof, it is found that the selection of
the connection weights, the design parameter and the pinning
gain can directly affect the stability of the MVS. Theorem 1
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provides a guideline to design the connection weights of
the original topology. If the weights a1j of the connections
between the leader and its followers are designed as small
scalars, it means that the leader itself might not be able to pro-
vide enough effort to “drag” the followers. Thus, the design
parameter c and the pinning gain b1 should be relatively large
to guarantee the system performance. On the other hand, if a1j

are set as large scalars, it means that the connections between
the leader and followers become more tight. Consequently, b1
should be large enough such that more power can be pro-
vided to drag both the leader and followers. Therefore, a1j,
c, and b1 should be selected properly to decrease the energy
consumption.

IV. HIGH-LEVEL TOPOLOGY RECONFIGURATION

PROTOCOLS UNDER DIFFERENT FAULT SCENARIOS

In this section, we explore how to tolerate the faulty vehi-
cles by adjusting some connection weights or modifying
connections in different fault scenarios.

Under the nominal control laws (6) and (7), the model of
the MVS considering LoCE faults in (4) is rewritten as

⎧
⎨

⎩

˙̃x(t) = ṽ(t)
˙̃v(t) = −G(x)�G−1(x)((cL + B) ⊗ IN)(x̃ + ṽ)

+ F(x) − 1n ⊗ f (xr).

Before going any further steps, an assumption for the LoCE
fault is made as follows.

Assumption 3: For �, there exists an unknown but
detectable constant ρ0 > 0 such that ρ0INn ≤ � < INn.

Now, label the faulty vehicle as h (h ∈ V), and then
we define matrices B̄ and L̄ which can be considered as
the new pinning and Laplacian matrices of the faulty MVS,
respectively. Their expressions are shown as follows:

B̄ � ρ̄0B

L̄ � ρ̄0L (12)

with ρ̄0 = diag{Ih−1, ρ0, In−h}.
Recall (9) and construct the following symmetric matrix in

a similar formula:

H̄ = 0.5c
(

L̄ + L̄T
)

− pIn.

Then, we will develop the detailed topology reconfiguration
protocols and analyze the stability of the MVS in the scenarios
where the leader, its grandchild and child nodes, and other
nodes are faulty in Sections IV-A–IV-D, respectively.

A. Protocol A: The Leader Is Faulty

Consider the scenario in which the leader is faulty, that is,
h = 1. Then, we have ρ̄0 = diag{ρ0, In−1}, and the Laplacian
matrix in (12) is rewritten as

L̄ =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

ρ0
∑

j∈N1

a1j −ρ0a12 · · · −ρ0a1n

−a21
∑

j∈N2

a2j · · · −a2n

...
...

. . .
...

−an1 −an2 · · · ∑

j∈Nn

anj

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

.

With the fact that a1j = aj1, the following equation can be
obtained:

0.5
(

L̄ + L̄T
)

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

ρ0
∑

j∈N1

a1j −ρ0+1
2 a12 · · · −ρ0+1

2 a1n

−ρ0+1
2 a21

∑

j∈N2

a2j · · · −a2n

...
...

. . .
...

−ρ0+1
2 an1 −an2 · · · ∑

j∈Nn

anj

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

. (13)

Then, we have

H̄ + B̄ =
⎡

⎢
⎣

ρ0

(

c
∑

j∈N1

a1j + b1

)

− p D̄

D̄T
(
H̄
)

n−1

⎤

⎥
⎦

where D̄T denotes a vector with proper columns, and its
expression is omitted as well.

Seeing from the above equation, we find that increasing
the pinning gain b1 can mitigate the LoCE fault impact.
Accordingly, tune b1 as the following new pinning gain:

b̄1 = 1

ρ0
b1 + 1 − ρ0

ρ0
c
∑

j∈N1

a1j

where ρ0 is obtained from the fault detection. Then, we have
the following theorem.

Theorem 2: For the MVS (4) with � = Inm, design the orig-
inal topology and nominal control laws (6) and (7) to satisfy
Theorem 1. When the leading vehicle in this group suffers the
partial LoCE faults described in (3) that satisfy Assumption 3,
by tuning the pinning gain b1 as b̄1, the faulty MVS (4) can
asymptotically track the references xr and vr generated by (5)
with the original structure and design parameter of nominal
control laws in spite of the faulty leader.

Proof: First, define the matrix P̄ as follows:

P̄ =
[

c
(
L̄ + L̄T

)+ 2B̃ In

In In

]

where B̃ = ρ̄0diag{b̄1, 0, . . . , 0} is the updated pinning matrix.
1) Validity of P̄: We check whether P̄ is positive definite.

In light of the Schur complement, P̄ > 0 is equivalent to
0.5c(L̄ + L̄T) + B̃ − 0.5In > 0.

It is easily obtained that

H̄ + B̃ =
⎡

⎢
⎣

ρ0

(

c
∑

j∈N1

a1j + b̄1

)

− p D̄

D̄T
(
H̄
)

n−1

⎤

⎥
⎦.

Based on the expression of b̄1, the following inequality holds:

ρ0

⎛

⎝c
∑

j∈N1

a1j + b̄1

⎞

⎠− p = c
∑

j∈N1

a1j − p + b1 > 0. (14)

Considering (13), we have (H̄)n−1 = (H)n−1 and

λmin

{(
0.5
(

L̄ + L̄T
))

n−1

}

= λmin{(L)n−1}.
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Then, it yields

λmax

⎧
⎪⎨

⎪⎩
D̄T

⎛

⎝ρ0

⎛

⎝c
∑

j∈N1

a1j + b̄1

⎞

⎠− p

⎞

⎠

−1

D̄

⎫
⎪⎬

⎪⎭

≤ (1 + ρ0)
2

4

(n − 1)maxj∈N1 a2
1j

∑
j∈N1

a1j + b1−p
c

+ p

c

≤ λmin{(L)n−1} = λmin

{(
0.5
(

L̄ + L̄T
))

n−1

}

. (15)

By applying the Schur complement, it is proved that P̄ > 0.
2) Stability: With the positive-definite matrix P̄, another

Lyapunov candidate is designed as V̄ = 0.5ỹT(P̄ ⊗ IN)ỹ.
By taking the time derivative of V̄ , we have

˙̄V = x̃T
((

c
(

L̄ + L̄T
)

+ 2B̃
)

⊗ IN

)
ṽ + ṽTṽ

+
(

x̃T + ṽT
)(

−G(x)ρG−1(x)Ĥ(x̃ + ṽ)
)

+
(

x̃T + ṽT
)
(F(x) − 1n ⊗ f (xr))

≤ x̃T
((

qIn − 0.5c
(

L̄ + L̄T
)

− B̃
)

⊗ IN

)
x̃

+ ṽT
((

rIn − 0.5c
(

L̄ + L̄T
)

− B̃
)

⊗ IN

)
ṽ (16)

where Ĥ = (cL + B̂) ⊗ IN with B̂ = diag{b̄1, 0, . . . , 0}.
Similarly, with Conditions (14) and (15), we can conclude

that ˙̄V(t) ≤ 0, and ˙̄V = 0 if and only if x̃ = 0 and ṽ = 0.
Furthermore, based on LaSalle’s invariant principle, the track-
ing errors x̃ and ṽ of the entire group are guaranteed to be
globally asymptotically convergent to zero in this scenario.
This completes the proof.

B. Protocol B: A Grandchild Node of the Leader Is Faulty

Consider the scenario in which a grandchild node of the
leader is faulty, and then the Laplacian matrix in (12) is
rewritten as

L̄ =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

∑

j∈N1

a1j · · · 0 · · · −a1n

...
. . .

...
...

...

0 · · · ρ0
∑

j∈Nh

ahj · · · −ρ0ahn

...
...

...
. . .

...

−an1 · · · −anh · · · ∑

j∈Nn

anj

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

.

Seeing from the stability results in the fault-free sce-
nario, we find that apart from tuning the pinning gain as in
protocol A, modifying the connections has the potential to
deal with faults. Specifically, in this scenario, increasing the
in-degree [30] of the faulty vehicle h, that is, adding new con-
nections flowing into h, can bring about more control effort to
mitigate the LoCE fault impact. Based on the above equation,
we build a directed arc from 1 to h with ah1 = 2 maxk∈N1 a1k.
Then, the original connection weights ajh are adjusted as ājh

with ājh = (2 − ρ0)ajh and j ∈ Nh. As a consequence, the
following matrix L̃ is defined as the updated Laplacian matrix

after conducting these connection adjustments:

L̃ =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

∑

j∈N1

a1j · · · 0 · · · −a1n

...
. . .

...
...

...

−ρ0aM · · · āhh · · · −ρ0ahn
...

...
...

. . .
...

−an1 · · · −(2 − ρ0)anh · · · ānn

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

where āhh = ρ0(
∑

j∈Nh
ahj + aM) and āpp =∑j∈Np

apj +(1−
ρ0)aph with p ∈ {V/{1, h}}.

Accordingly, we also have

0.5
(

L̃ + L̃T
)

=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

∑

j∈N1

a1j · · · −0.5ρ0aM · · · −a1n

...
. . .

...
...

...

−0.5ρ0aM · · · āhh · · · −ahn
...

...
...

. . .
...

−an1 · · · −anh · · · ānn

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

. (17)

Then, the following theorem is obtained.
Theorem 3: For the MVS (4) with � = Inm, design the orig-

inal topology and nominal control laws (6) and (7) to satisfy
Theorem 1 and Assumption 1. Consider the scenario where a
grandchild node h of the leader suffers the partial LoCE faults
described in (3), the maximum tolerable magnitude of which
satisfies the following inequality:

1 − ρ0 ≤ aM
∑

j∈Nh
ahj + aM

(18)

where aM � maxk∈N1 a1k. By building a new directed arc from
1 to h, the weight of which is set as ah1 = 2aM , and adjust-
ing the weights ajh (j ∈ Nh) as ājh = (2 − ρ0)ajh, the faulty
MVS (4) can asymptotically track the references xr and vr gen-
erated by (5) with the original structure and design parameter
of nominal control laws in spite of the faulty vehicle.

Proof: Define the following matrix P̃ as:

P̃ =
[

c
(
L̃ + L̃T

)+ 2B̄ In

In In

]

. (19)

1) Validity of P̃: P̃ > 0 is equivalent to 0.5c(L̃ + L̃T)+ B̄−
0.5In > 0.

Based on (17), it is not difficult to see that c
∑

j∈N1
a1j −

p + b1 > 0 holds in this scenario. Furthermore, we have

λmin

{(
0.5
(

L̃ + L̃T
))

n−1

}

≥ λmin{(L)n−1} + λmin{diag{a20, . . . , an0}}
where ap0 = (1 − ρ0)aph with p ∈ {V/{1, h}}, and ah0 =
(ρ0−1)

∑
j∈Nh

ahj+ρ0aM . With Condition (18) and Lemma 1,
it is easily obtained that

λmin

{(
0.5
(

L̃ + L̃T
))

n−1

}

≥ λmin{(L)n−1}.
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Similarly with (15), we have

λmax

⎧
⎪⎨

⎪⎩
D̃T

⎛

⎝

⎛

⎝c
∑

j∈N1

a1j + b1

⎞

⎠− p

⎞

⎠

−1

D̃

⎫
⎪⎬

⎪⎭

≤ λmin{(L)n−1} ≤ λmin

{(
0.5
(

L̃ + L̃T
))

n−1

}

where D̃T is calculated from the following definition:

H̃ + B̄ =
[

c
∑

j∈N1
a1j + b1 − p D̃
D̃T

(
H̃
)

n−1

]

with H̃ = 0.5c(L̃ + L̃T)− pIn. By applying the Schur comple-
ment, it is proved that P̃ is positive definite as well.

2) Stability: By taking the time derivative of the following
Lyapunov candidate Ṽ = (1/2)ỹT(P̃⊗IN)ỹ, it is not difficult to
see that the tracking errors x̃ and ṽ of the MVS globally asymp-
totically converge to zero in this scenario. This completes the
proof.

From the proof of Theorem 3, it is found that if the faulty
vehicle h is the grandchild of the leader, building the new
directed arc (1, h) can not only provide more effort to mit-
igate the fault impact without violating the communication
constraints demonstrated in Assumption 1 but also would not
affect the stability of the leader. Meanwhile, for the neighbors
of h, increasing the weights ajh (j ∈ Nh) of the connections
(h, j) as (2−ρ0)ajh can exactly counteract the impact induced
by node h.

Remark 2: The constraint in (18) implies that when the
faulty vehicle is the grandchild of the leader, the maximum
tolerable loss (1 − ρ0) of control effectiveness is specified
by users, and can be as large as possible if we enlarge the
weight aM in the nominal control design. It is reasonable that
the tight connections between the leader and its followers can
expand the fault tolerance margin of the MVS, since they can
indirectly weaken the role of the faulty vehicle in the group.
However, when aM increases, the design parameter c and the
pinning gain b1 should increase accordingly to achieve the syn-
chronized tracking. Therefore, there exists a tradeoff between
the fault-tolerant ability and the energy consumption.

C. Protocol C: A Child Node of the Leader Is Faulty

For the scenario in which the vehicle directly connected
with the leader is faulty, if we tune the connection weight
ah1 and increase the in-degree of h similarly as in protocol
B, the low-level control scheme may be unable to maintain
the system stability without modifying the design parame-
ter c. This is because the faulty vehicle would directly affect
the leader in this scenario, and accordingly has more adverse
impact on the entire MVS compared with the one in pro-
tocol B. Therefore, it may not be feasible by merely tuning
connection weights and/or adding new connections to ensure
the fault tolerance ability in this scenario. Alternatively, if the
faulty vehicle is rearranged as one of its child node, the fault
impact can be mitigated under the same topology reconfigu-
ration protocol as in Section IV-B. Under the circumstances,
node swapping between the faulty vehicle and one of its child

Algorithm 1 Node Swapping-Based Topology
Reconfiguration Protocol
Input: vehicle h and the information of ρ0;
Output: do swapping between vehicle h and a node in Ch(h)

to achieve the fault tolerance objective;
1: select a r ∈ Ch(h) s.t. the number of nodes in Ch(r) is

minimal;
2: delete (h, 1), [h, p] and [r, o], and simultaneously build

[1, r],[r, p] and [h, o], ∀p ∈ {Ch(h)/r} and ∀o ∈ Ch(r);
3: let h and r exchange their IDs;
4: set ar1 = 2aM;
5: set ājr = (2 − ρ0)ajr, and adjust ajr as ajr = ājr, j ∈ Nr

node should be done before modifying connections. The fol-
lowing protocol, Algorithm 1, the computational complexity
of which is O(n), shows the details of node swapping and
connection adjustments to achieve the fault tolerance objec-
tive. Furthermore, the swapping is accomplished with the
smallest number of new connections under the communication
constraints demonstrated in Assumption 1.

After the node swapping, the faulty vehicle becomes the
grandchild node of the leader. Then, we can obtain the
following theorem.

Theorem 4: For the MVS (4) with � = Inm, design the orig-
inal topology and nominal control laws (6) and (7) to satisfy
Theorem 1 and Assumption 1. Consider the scenario where
a child node h of the leader suffers the partial LoCE faults
described in (3), the maximum tolerable magnitude of which
satisfies the following inequality:

1 − ρ0 ≤ aM
∑

j∈Nr
arj + aM

∀r ∈ Ch(h). (20)

By conducting Algorithm 1, the faulty MVS (4) can asymp-
totically track the references xr and vr generated by (5) with
the original structure and design parameter of nominal control
laws in spite of the faulty vehicle.

Proof: The proof of Theorem 4 is similar to that of
Theorem 3, so it is omitted here.

D. Protocol D: One of the Remaining Vehicles Is Faulty

Apart from the aforementioned fault scenarios, the scenario
where one of the vehicles in the kth (k ≥ 4) layer is faulty is
explored in this section.

In this case, we adopt the similar approach with proto-
col B, that is, modifying the connections via increasing the
in-degree of the faulty vehicle, to mitigate the LoCE fault
impact. Notably, due to the communication constraints in
Assumption 1, we cannot directly add a directed arc from the
leader to the faulty vehicle as in protocol B. Instead, a new
directed path from the leader to the faulty vehicle is built. The
details of this process are shown in Algorithm 2.

Based on Algorithm 2 with the computational complexity
of O(n2), we can obtain the following theorem.

Theorem 5: For the MVS (4) with � = Inm, design the orig-
inal topology and nominal control laws (6) and (7) to satisfy
Theorem 1 and Assumption 1. Consider the scenario where a
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Algorithm 2 Protocol for Building a New Directed Path From
the Leader to the Faulty Vehicle
Input: vehicle h, its layer number k and the information of

ρ0;
Output: build a new directed path from 1 to h;

1: adjust the original connection weights ajh (j ∈ Nh) as
ājh = (2 − ρ0)ajh;

2: q = h;
3: if k = 4 + 2p (p = 0, 1, 2, . . .) then
4: if p > 0 then
5: while q is not in the 4th layer do
6: build a directed arc (Fa(Fa(q)), q);
7: q = Fa(Fa(q));
8: end while
9: end if

10: select a node n in {Ch(Fa(Fa(q)))/Fa(q)}, and build
directed arcs (n, q) and (1, n) simultaneously;

11: else
12: while q is not in the 3rd layer do
13: build a directed arc (Fa(Fa(q)), q);
14: q = Fa(Fa(q));
15: end while
16: build a directed arc (1, q);
17: end if

node h in the kth (k ≥ 4) layer suffers the partial LoCE faults
described in (3), the maximum tolerable magnitude of which
satisfies the following inequality:

1 − ρ0 ≤ 2aM
∑

j∈Nh
ahj

. (21)

Then, adjust the weights ajh (j ∈ Nh) as ājh = (2 − ρ0)ajh,
and build a new directed path from the leader to h in light of
Algorithm 2, the arcs of which are denoted as (1, h1), (h1, h2),
(ht−1, ht) (ht = h, t ∈ N+). If their weights are set to satisfy
the following conditions:

{
ah2,h1 >

2(1−ρ0)
ρ0

∑
j∈Nh

ahj

2aM ≥ ah1,1 > 0.5ρ0ah2,h1

, t = 2

or
⎧
⎨

⎩

ah3,h2 >
2(1−ρ0)

ρ0

∑
j∈Nh

ahj

ah2,h1 > ρ0ah3,h2

2aM ≥ ah1,1 > 0.5ah2,h1

, t = 3

or
⎧
⎪⎪⎨

⎪⎪⎩

aht,ht−1 >
2(1−ρ0)

ρ0

∑
j∈Nh

ahj

aht−1,ht−2 > ρ0aht,ht−1

ahp+1,hp > ahp+2,hp+1 , p = 1, . . . , t − 3
2aM > ah1,1 > 0.5ah2,h1

, t > 3

the faulty MVS (4) can asymptotically track the references xr

and vr generated by (5) in spite of the faulty vehicle.
Proof: Here, we only prove the stability of the case in which

the layer number of the faulty vehicle satisfies k = 4 + 2p
(p = 2, 3, . . .). The proof of other cases is similar and omitted
accordingly.

After conducting Algorithm 2, the Laplacian matrix L̄
in (12) is updated as a new one, denoted as L̂, the formula
of which is shown on the top of the next page.

In this formula, bhi = ∑
j∈Nhi

ahi,j + ahi,hi−1 , i = 1, . . . , t,
where h0 represents the leader.

Define matrix P̂ in the same formula with P̃ in (19).
1) Validity of P̂: It is also not difficult to see that

c
∑

j∈N1
a1j − p + b1 > 0 holds in this scenario and obtain

the following inequality based on (22), at the bottom of this
page:

λmin

{(
0.5
(

L̂ + L̂T
))

n−1

}

≥ λmin{(L)n−1}.

Therefore, it is proved that P̂ is positive definite.
2) Stability: Design the Lyapunov candidate as V̂ =

(1/2)ỹT(P̂ ⊗ IN)ỹ. We can also conclude that ˙̂V(t) ≤ 0, and˙̂V = 0 if and only if x̃ = 0 and ṽ = 0. By applying LaSalle’s
invariant principle, it guarantees that the tracking errors x̃ and
ṽ of the entire system are globally asymptotically convergent
to zero in this scenario. This completes the proof.

Remark 3: The constraint on the maximum tolerant mag-
nitude of faults in (21) is less conservative than those in
protocols B and C, which implies the fault-tolerant ability of
the MVS is stronger in this scenario. It is reasonable because
the faulty vehicle is more far away from the leader, and
its impact would be diminished accordingly. In addition, the

L̂ =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

∑

j∈N1

a1j · · · 0 −a1,ht−2 · · · · · · · · · · · · −a1n

...
. . .

...
...

...
...

...
...

...

−ah1,1 · · · bh1 0 · · · · · · · · · · · · −ah1,n
...

...
...

. . .
...

...
...

...
...

−aht−2,1 · · · · · · −aht−2,ht−3 bht−2 0 · · · · · · −aht−2,n−aht−1,1 · · · · · · · · · −aht−1,ht−2 bht−1 0 · · · −aht−1,n−ρ0ah1 · · · · · · · · · · · · −ρ0ah,ht−1 ρ0bht · · · −ρ0ahn
...

...
...

...
...

...
...

. . .
...

−an1 · · · · · · · · · · · · · · · · · · · · · ∑

j∈Nn

anj

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

(22)
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Algorithm 3 Integrated Topology Reconfiguration-Based
FTCC Framework
Input: vehicle h, its layer number k and the information of

ρ0;
Output: conduct a proper topology reconfiguration protocol

to achieve the fault tolerance objective;
1: if k = 1 then
2: adjust b1 as b̄1 = 1

ρ0
b1 + 1−ρ0

ρ0
c
∑

j∈N1
a1j;

3: else if k = 2 then
4: call Algorithm 1;
5: else if k = 3 then
6: build a new directed arc (1, h), and set ah1 = 2aM;
7: adjust ajh as ājh = (2 − ρ0)ajh, j ∈ Nh;
8: else
9: call Algorithm 2;

10: adjust the connection weights according to Theorem 5;
11: end if

proof of Theorem 5 follows the similar idea of Theorem 3. A
directed path from the leader to the faulty vehicle h is built to
provide more effort for the faulty one, and it would not affect
the stability of the leader as well. Meanwhile, the weights ajh

(j ∈ Nh) of the connections (h, j) are reset as the same values
in Theorem 3 to exactly counteract the fault impact under the
same principle.

V. INTEGRATED TOPOLOGY RECONFIGURATION-BASED

FTCC FRAMEWORK

Based on the aforementioned topology reconfiguration pro-
tocols, an integrated topology reconfiguration-based FTCC
framework is synthesized. Specifically, when a certain fault
is detected, this FTCC framework is activated, then the pre-
designed protocol with respect to the detected fault operates.
Algorithm 3 shows the details of the integrated FTCC frame-
work, and its computational complexity is O(n2) as well. In
addition, a flow chart is given in Fig. 3 to describe the internal
logics of the proposed FTCC framework more clearly.

Based on all the constraints on the maximum tolerable mag-
nitude of LoCE faults in protocols B–D and Algorithm 3, we
can obtain the following theorem.

Theorem 6: For the MVS (4) with � = Inm, design the
original topology and nominal control laws (6) and (7) to sat-
isfy Theorem 1 and Assumption 1. Consider vehicle h of this
group encounters the partial LoCE faults described in (3), the
maximum tolerable magnitude of which satisfies the following
inequalities:

1 − ρ0

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

< 1, h = 1
≤ aM∑

j∈Nh
arj+aM

∀r ∈ Ch(h), k = 2

≤ aM∑
j∈Nh

ahj+aM
, k = 3

≤ 2aM∑
j∈Nh

ahj
, k > 3

(22)

where ∀h ∈ V , and k represents the layer number of the faulty
vehicle h. After the fault diagnosis, the information of the
faults, including the ID and the layer number of the faulty
vehicle, and the fault severity, has been obtained. By conduct-
ing Algorithm 3, the faulty MVS (4) can asymptotically track

Fig. 3. Flow chart of the proposed FTCC framework.

the references xr and vr generated by (5) with the original
structure and design parameter of nominal control laws.

Proof: Since the stability analysis has been given for each
fault scenario, the proof of Theorem 6 is omitted here.

For the realization of the proposed FTCC framework, since
the topology reconfiguration protocols with respect to different
fault scenarios have been predesigned, thus could be stored in
the local supervisor of each vehicle. If each vehicle is equipped
with one transmitter and one receiver, then it could adopt the
broadcast communication to inform other vehicles within its
communication range of the information, including its own
ID, states, and fault severity through the transmitter. When a
particular vehicle is faulty, some other vehicles are informed
of this fault, and then would modify the information receiving
actions through the receiver according to the corresponding
protocol, for example, refuse to receive the information of the
faulty one or tune the weight of that information. Meanwhile,
the faulty vehicle would modify its own information receiving
actions in a similar way.

Remark 4: It should be noted that Algorithms 1–3 are
applied only after the fulfillment of the fault detection. As the
FTCC framework only requires the lower bound of the LoCE
fault as the fault information, unlike most existing controller
reconfiguration-based methodologies, each vehicle under the
proposed FTCC framework could only equip with basic state
feedback-based controllers and simple fault diagnosis devices,
the fault detection results of which are not required to be accu-
rate. Thus, the fault detection is not the focus of this article,
and readers can refer to [37]–[39] for details of fault diag-
nosis methodologies. In addition, if the detected faults with
respect to the corresponding scenario exceed the maximum
tolerable magnitude given in (18), (20), or (21), the proposed
FTCC framework cannot guarantee the system stability and
performance since high fault severity may lead to the unrecov-
erability of faults. To deal with those severe fault scenarios,
Yang et al. [31] and Kamel et al. [32] have reported that the
fault-tolerant capability of the MVS system can be achieved by
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Fig. 4. Diagram of the 3-DOF helicopter.

Fig. 5. Original topology implemented in the simulation.

removing the vehicle with heavy failures and simultaneously
reorganizing the topology of the remaining healthy ones. Since
this idea is not the focus of this article as well, further details
would not be discussed.

Remark 5: The proposed topology reconfiguration-based
FTCC framework is still effective in a directed spanning tree,
since the original topology would be changed into a directed
spanning tree by operating the developed topology reconfigu-
ration protocols. Compared with the undirected spanning tree,
the main difference in the directed one lies on the parameter
selection of the nominal control laws. If the topology is origi-
nally designed as a directed spanning tree, the nominal control
laws can still be designed as (6) and (7), but the left-hand side
of (11) should be reformulated as λmin{(0.5(L + LT))n−1} to
achieve the asymptotical tracking performance in the fault-free
scenario. Then, based on these modified nominal control laws,
four high-level topology reconfiguration protocols designed in
Section IV remain workable under different fault scenarios.
To focus on the design of the FTCC framework, the original
topology is set as an undirected spanning tree.

VI. SIMULATION RESULTS

In this section, the simulations under different fault scenar-
ios are conducted on six 3-DOF helicopter systems to verify
the effectiveness of the proposed FTCC framework.

The 3-DOF helicopter (see Fig. 4) is a suitable platform for
the study of fault-tolerant attitude synchronization of MVSs.
By considering the pitch and elevation dynamics [40]–[42], the
nonlinear model of the ith 3-DOF helicopter is in the same for-
mula of (1), where i = 1, . . . , 6, xi � [αi, βi]T = [xi1, xi2]T ∈
R

2 and vi ∈ R
2 are elevation and pitch angles, and their rates

of the ith helicopter, respectively. The input vector ui(·) is
defined as ui(·) = [ufi, ubi]T, in which ufi and ubi represent
the voltages of front and back motors, respectively. f (xi), g(xi)

Fig. 6. Case 1: Trajectories of attitude angles versus time.

Fig. 7. Modified topologies: (a) in Case 2 and (b) in Case 3.

are given by

f (xi) =
[−(mgla

/
Je
)

sin(αi + α0i)

0

]

g(xi) =
[

Kf la cos βi/Je Kf la cos βi/Je

Kf lh/Jp −Kf lh/Jp

]

where α0i denotes the initial angle between the helicopter and
the base. Je, Jp are the moments of inertia with the respect to
the elevation and pitch axes, respectively. Kf , m, and g are the
force coefficient of the propeller, the effective mass, and the
gravity, respectively. la and lh are the distance from the travel
axis to the helicopter body and the one from the pitch axis to
each rotor, respectively.

The topology of the multihelicopter system is originally
designed as an undirected spanning tree shown in Fig. 5,
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Fig. 8. Case 2: Trajectories of attitude angles versus time.

and satisfies Assumption 1. Each helicopter is marked with
an unique ID and its layer number is also given in Fig. 5.
The weights of the connections are initially selected as a1j =
aj1 = 2, j ∈ N1 and aij = aji = 1 for ∀i �= 1, j ∈ Ni, then we
calculate that λmin{(L)n−1} = 0.4384.

In this work, all the helicopters are assumed to be homoge-
nous. The system parameters for each vehicle are given as

Je = 1.004
(

kg · m2
)
, Jp = 0.0445

(
kg · m2

)

m = 0.142 (kg), Kf = 0.625 (N/V)

la = 0.648 (m), lh = 0.178 (m).

It is easy to verify that fk(xi) (i ∈ V , k = 1, 2) satisfy
Assumption 2. Recalling (8), we have p = 1.45 when σ is
selected as σ = 0.5. According to conditions (10) and (11),
the parameter c and pinning gain b1 are designed as c = 6
and b1 = 588, respectively.

The initial attitude orientations of each helicopter are
set as x10 = [5.65, 5.65]T (deg), x20 = [0, 0]T (deg),
x30 = [0, 4.95]T (deg), x40 = [2.83, 0]T (deg), x50 =
[1.70,−2.83]T (deg), x60 = [ − 4.95, 5.65]T (deg) and vi0 =
[0, 0]T (deg/sec) with i = 1, . . . , 6. In addition, the initial

Fig. 9. Case 3: Trajectories of attitude angles versus time.

states of the reference signals are given by xr0 = [0, 1]T (deg)

and vr0 = [0, 0]T (deg/sec).
Case 1 (Leading Helicopter Is Faulty): In this case, suppose

that all the helicopters operate normally from the beginning,
then Helicopter 1 suffers a partial LoCE fault on the back
motor with ρ1 = diag{1, 0.5} since 15 s. If it takes 2 s to
accomplish the fault detection, the pinning gain b1 would be
tuned as 1200 since 17 s. As a result, Fig. 7 shows that the
entire group can asymptotically track the reference signals in
a synchronized way.

Case 2 (Child Node of the Leading Helicopter Is Faulty):
Suppose that all the helicopters operate normally from the
beginning, then Helicopter 2 suffers a partial LoCE fault on
the front motor with ρ2 = diag{0.5, 1} since 20 s. If it takes
2 s to detect the fault, by applying Algorithm 3, the directed
arc (2, 1) and the undirected one [2, 5] are deleted since 22 s.
Simultaneously, two new undirected arcs [1, 4] and [4, 5] are
built, and then Helicopters 4 and 2 exchange their IDs. By
setting the weight a41 as a41 = 4 and modifying the weight
a24 as a24 = 1.5 [see the modified topology in Fig. 7(a)],
the fault tolerance objective can be achieved. It is shown in
Fig. 8 that the synchronization and tracking performances of
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the group are of satisfactory with the original structure and
design parameter of nominal control laws in the presence of
the faulty Helicopter 2.

Case 3 (Grandchild Node of the Leading Helicopter Is
Faulty): In this case, consider another partial LoCE fault
occurs on the back motor of Helicopter 4. Suppose that
ρ4 = diag{1, 0.6} since 35 s and the fault detection of this fault
accomplishes at 38 s. Then, by conducting Algorithm 3, a new
directed arc (1, 4) is built, and its weight is set as a41 = 4.
Meanwhile, the weight of a24 is adjusted as 1.4. The modified
topology is shown in Fig. 7(b). Seen from Fig. 9, when the
topology has been completely reconfigured, the performance
of this multihelicopter group is recovered rapidly.

In general, all the simulation results illustrate that the multi-
helicopter system can achieve the attitude synchronization and
asymptotically track the reference signals under the proposed
FTCC framework even if it encounters various fault scenarios.

VII. CONCLUSION

For nonlinear MVSs with partial LoCE faults, a hierarchi-
cal FTCC framework that consists of the distributed nominal
control scheme and the topology reconfiguration protocols has
been proposed. The nominal control scheme, as the low-level
one, has been developed to make each vehicle track the ref-
erence signals under a predesigned topology in the fault-free
scenario. Based on it, the high-level topology reconfiguration
protocols have been proposed to mitigate the fault impact.
By applying the proposed FTCC framework, the topology has
been adjusted through the corresponding protocol with respect
to the ongoing fault scenario. As a result, asymptotical syn-
chronization and reference tracking have been achieved with
the original structure and design parameter of the nominal
control scheme. The effectiveness of the proposed methodol-
ogy has been verified through the simulation results on 3-DOF
helicopter platforms. In the future investigations, the design of
the formation reconfiguration-based FTCC framework that has
the ability of handling more fault types and the design of the
event-triggered FTCC framework [43], [44] will be explored.
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